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The aim of the study

The research study aimed to obtain and characterise the physicochemical properties of
the materials series with a general formula of YXZO4 where X and Z are arsenic, phosphorus,
and vanadium elements. The obtained materials were doped with rare-earth ions and s’-type
ions. Particular attention was paid to the studied materials’ characterisation of the spectroscopic
properties. Additionally, the influence of the matrix composition on the dopant luminescent

properties was researched.

Yttrium orthovanadate, yttrium orthovanadate-arsenate, and yttrium orthovanadate-phosphate
belong to theYXZO4 compound group. The matrices were doped with optically active ions
Eu®*, Tb*", Er**-Yb** pair, Tm**-Yb**, and Eu**-Bi*" pairs, respectively. The co-precipitation
method was chosen as the synthesis of each listed compound. The conditions and description
of the synthesis route are included in each scientific publications accompanying this

dissertation.

The following research techniques were used to achieve the intended purpose: X-ray diffraction
— for crystal structure analysis, the scanning electron microscopy and transmission electron
microscopy — for the morphology, size and agglomeration analysis, the inductively coupled
plasma — optical emission spectroscopy — for the elemental composition confirmation,
the optical spectroscopy techniques — for structure analysis (infrared spectroscopy) and

luminescent properties (emission excitation, emission and luminescence lifetimes).

The base of the dissertation is four thematically coherent scientific articles. These articles have
been published in respected international scientific journals with an impact factor from 4.177
to 6.371. The thesis consists of a theoretical and experimental introduction being an overview
and a statement of the current state of science in the subject matter of this thesis. In this
dissertation, in the form of four scientific articles an in-depth analysis of the physicochemical
properties of the obtained YXZO4 materials are presented. The first focuses on YVO4 doped
with Eu®" ions, the synthesis process optimization, and the synthesis impact on
the spectroscopic properties. The second article encompasses the influence of changing the
arsenic-to-vanadium ratio in YVxAsixOs and its effect on the quenching process of the Tb*"
ions luminescence. The third and fourth articles focus on the Y VxP1.xO4 matrix, the occurring
structural changes and their influence on the dopant luminescent properties. The third article

concentrates on the up-conversion processes between two sets of up-converting pairs of Er-Yb



and Tm-Yb ions. The fourth and final article includes an analysis of energy transfers between

optically active ions V-Bi-Eu and the emission in the room and liquid helium temperatures.
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Introduction

Inorganic REXO4 compounds

The inorganic REAsO4, REVOs4, and REPO4 compounds are found in nature in form of eleven
minerals. Among them are monazites-(La), -(Ce), -(Nd), -(Sm), gasparite-(Ce), two xenotimes-
(Y), -(Yb), pretulite-(Sc), chernovite-(Y), and two wakefieldites-(Y), -(Ce). These minerals
crystallize with the monazite-type monoclinic system in the P2;/n space group or with

the zircon-type tetragonal system in the /4,/amd space group symmetry. [1]

In comparison to the number of publications on vanadates and phosphates, relatively
few papers describe the structural and physico-chemical properties of REAsO4. The search
engine built in scopus.com website provides 5,388 results for the phrase “YVO4”, 698 results
for “YPO4” and only 29 results for “Y AsO4”. The zircon-type structure is observed in the case
of Y, Sc, Sm — Lu. [2,3] The monazite-type structure is observed for La-, Ce-, Pr-, and NdAsOx.
[3.4]

REPOs crystalizes with two crystalline structures, monazite- and zircon-type.
The crystal structure depends on the RE ion size. Large rare earth ions cause crystallization
with the monazite-type structure. Small rare earth ions (Y**, Sc**) cause crystallization with a
zircon-type structure. [3] In the case of GdPO4, TbPO4, DyPOs4, and HoPOs, two crystalline
forms are observed. The structure of monazite is referred to as metastable for DyPO4 and
TbPOs4, while the stable form is zircon-type that is also often observed after additional heat-

treatment.

REVO4 compounds mostly crystallize with the zircon-type structure. It is reported that
La-, Ce-, Pr-, and NdVOg4 can be synthesized with a monazite-type structure. [3]

Yttrium orthoarsenates

Sparse publications have been found on the spectroscopic properties of Y AsOs. Despite its well-
studied crystallographic structure, the compound has not gained popularity among researchers

to such an extent as other compounds in the YXO4 group, namely YPO4 or YVOu.

Yttrium orthoarsenate crystallizes in a zircon-type tetragonal system with /4;/amd space

group symmetry. The YAsOj unit cell consists of two Y>* ions and two AsO4> groups. [5] With
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the doping of the crystallographic structure, Y>" ions are statistically replaced by RE*" ions in

Dy site.

For the first time, nanocrystalline YAsO4 doped with Eu** ions was obtained by R.J.
Wiglusz et al. [2] via the precipitation synthesis method. The researchers conducted a thorough
study of the effect of YAsO4 structure and dopant ion concentration on emission. Herein,
the Eu®* ions were applied as a luminescent probe and indicated change in the local chemical

environment by lowering the point symmetry.

Continuing the research on the spectroscopic properties of nanocrystalline yttrium
orthoarsenate is crucial. It is necessary to the further understand the occurring physico-chemical

changes.

Yttrium orthophosphates

Yttrium orthophosphate gained immense popularity as a matrix for RE*" luminescence
investigation. Nanocrystalline YPOs can be synthesised via multiple synthesis routes:
precipitation [6,7], the sol-gel method [8], the microemulsion synthesis [9], and hydrothermal
method [10].

L. van Pieterson contributed to the popularity of yttrium orthophosphate by describing
the 4f* — 4f"'5d transitions for light- [11] and heavy-lanthanides (Tb**, Dy**, Ho**, Er**, Tm*",
and Yb*") [12] in YPOs, in the VUV part of the spectrum (100-250 nm). Additionally, much
interest in yttrium orthophosphate was brought about by the 1967 work of G. Blasse and A. Bril

on energy transfers between Sb**, Bi**, Ce** and Sm**, Eu**, Tb*", Dy** ions [13].

Yttrium orthophosphates can find potential applications as, i.e.: persistent luminescence
phosphors [14], bimodal optical sensors for nanothermometry and nanomanometry [15], and

fluorescent labels [16].

Yttrium orthovanadates

Yttrium orthovanadates, similarly to yttrium orthophosphates, have been a topic of many
scientific papers. The wide range of applications, especially the initial use of YVOg as effective

laser materials [17-22], and red-emitting phosphor for cathode-ray tubes and plasma screens
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[23], has contributed to the current level of interest in Y VO4. Nowadays, Y VO4 doped materials
are applied in, i.e., drug delivery systems [24], optical bioprobes [25], light-emitting diodes

[26], sub-tissue heating and thermal sensing [27], as well as thermal and pressure sensing [28].

Nanocrystalline YVO4 can be obtained via multiple synthesis routes: precipitation [29],
the modified Pechini’s method [30], hydrothermal method [31], solvothermal method [32], and
microemulsion [33]. It was found that with changing synthesis conditions a variety of yttrium
orthovanadate particles’s shapes and sizes can be obtained. The pH of the synthesis medium is
especially important. [34] The variation of the pH leads to obtaining tailored sizes of individual
particles. A lower number of nucleation sites occurs in acidic pH. Hence, particles are typically
larger in acidic pH conditions. Additionally, nucleation and growth of the nanocrystal can be
influenced by organic solvents. The particles’s shapes and sizes depend on the applied solvent.

[34]

Yttrium orthovanadate shows an absorption peak in the UV spectral region with
a maximum of about 320 nm. Upon the NUV excitation YVO4 broad emission peak is observed
at around 450 - 475 nm. The VO4>~ groups are responsible for this emission. [35] Additionally,
this emission band is temperature dependent and becomes prominent in low temperatures.

[36,37]

Solid solution compounds

The solid solution (or solid-state solution) consists of isostructural compounds with a basic
formula of AixBx. The principle defining the changes occurring in the crystal structure of
the solid solutions, at a constant temperature, were postulated by Lars Vegard in 1921. [38]
Vegard stated that the lattice parameters of the new compound change linearly with respect to

the continuous substitution of element A with element B:
I(A1_xBy) = (1 = x)ly + xlg = I, + x(Ig — 1) (D)

where /4 — lattice parameter of element A (solvent), /z — lattice parameter of element B
(dissolvent), x — the concentration of element B. This law assumes a statistical substitution of
element A for element B. The additivity principle of molecular volumes is omitted in the case
of Vegard's law. The deviations from the Vegard’s law have been noted. Nevertheless, it does
not deny the emergence of solid solutions with a continuous variation in AixBx structure.

Moreover, positive and negative deviations from the law are observed. [39] The deviation from
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the Vegard’s law may stem from: atomic size, valence electron density, electrochemical
potential divergences, Brillouin zone effects, and unit cell volumes. [40] For some solid
solutions, atomic size mismatches can be diminished by positive interactions between elements.

This can result in compatibility under Vegard's law. [41]

By the number of papers published about the solid solutions of YXZO4, where X and Z
are As, P, and V, it can be stated that there is a scope for research to accurately determine
the physicochemical properties of such systems. On the contrary, an immense interest is being
put in YVO4, YPO4 doped and codoped with RE or transition metals. Thus, it is desirable to
know and describe the physicochemical properties of continuous solid solutions with variable
X and Z ions. For the YV1xPxO4 system doped with europium ions T. Minakova et al. [42]
showed a shift of XRD peaks toward larger angles and confirmed the formation of the
YVo.9Po104:Eu*" and YVsPo204: Eu’" solid solutions. G. Pan et al. [43] observed the XRD
peak broadening for solid solutions that indicates a structural disorder created by the statistical
substitution of the (VOs) group with the (PO4) one, caused by the ion size mismatch between
V>* and P°" ions. It was shown, that the occurring structural changes led to visible alterations
in the luminescence properties. Additionally, E. Cavalli et al. presented a paper on YV .xPxO4
complete solid solutions doped with Bi*" ions. [44] Herein, the luminescence properties were
influenced by the structural surrounding of the optically active ion. Thus, it is important to
continue the research and proceed with a thorough analysis of the continuous solid solution

impact on the luminescence properties of different optically active ions.

Nanomaterials

The term “nanomaterials” is used for materials with building blocks are particles, with
one of their dimensions being up to 100 nm. Based on dimensionality, nanomaterials can be
divided into four categories: zero-dimensional (0-D), one-dimensional (1-D), two-dimensional
(2-D), and three-dimensional (3-D). In zero-dimensional nanomaterials, e.g., quantum dots,
each dimension is expressed in nanometres. In one-dimensional nanomaterials (e.g.,
nanotubes), one is nanometric, and the other two are arbitrary. In two-dimensional
nanomaterials (e.g., nanowires), only two dimensions are nanometric. In three-dimensional
nanomaterials (e.g. core-shell systems or nanocomposites), each dimension exceeds 100 nm

and the material consists of various 0-D, 1-D, or 2-D structures. [45]
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The interest in research, development, and application of nanomaterials is due to their
unique properties. The material's properties remain the same with reducing the size from bulk
to micrometric. In contrast, a drastic change in the physical and chemical properties of the

material occurs when the size changes from micro to nano.

In the case of nanometric materials, the external surface area of the material is
significantly larger when compared to the volume of the particle. The development and
modification of the surface have led to an increased interest in the use of nanomaterials, i.e.,
catalysts or adsorbents, as the shape and size of the particles can influence the activation energy,
turnover rates, and selectivity. [46] With the change in size and morphology of a particle its
photoluminescent properties can be modulated. It is important to underline the impact of

the surface states.

When the size of an individual nanoparticle decreases, two so-called size effects can be
distinguished. The first one concerns the comparability of the particle’s size to the exciton Bohr
radius and the exhibiting electron’s confinement inside this particle, then the quantisation of
the electron motion occurs. The quantum size effect is observed for particle sizes ranging from
10 A to several hundred A. [47] The second concern is the ratio of atoms making up the surface-

to-volume atoms of the particle. To some extent this effect is scalable. [48]

To obtain nanoparticles with tailored physicochemical properties a set of sophisticated
synthesis methods is utilized. The synthesis route needs to provide good-quality nanomaterials
while being reproducible. Consequently, methods of synthesis that provide continuous control
of process conditions, and the ability to modify materials during the process, are of great
interest. Nanomaterials can be obtained via two general pathways, top-down and bottom-up.
In the top-down technique, nanoparticles are obtained by grinding or other solid material
decomposition processes. In the bottom-up technique, the nanomaterial is created by a chemical
reaction or assembling of atoms or molecules. Additionally, the nanoparticles synthesis
methods can be divided into: physical, biological, and chemical techniques. [49] The Following
chemical routes have been used to obtain the nanomaterials: solvothermal synthesis [50,51],
microwave-assisted hydrothermal synthesis [52,53], the sol-gel synthesis [54,55], the
microemulsion technique [56,57], the co-precipitation synthesis [58,59] or the continuous flow

technique [60,61].
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Luminescence of lanthanide ions

The lanthanide period includes fifteen chemical elements from lanthanum (*’La) to lutetium
("'Lu). One may also encounter the term “rare earth elements” applied to grouping lanthanides
with two elements from the scandium group, yttrium (**Y) and scandium (*'Sc). The common
name of rare earth elements originated from the coexistence of these elements in nature as
minerals. In the periodic table, lanthanides occupy the f-block. Excluding promethium,
lanthanides have stable isotopes and are not classified as radioactive. Lanthanide ions appear
mainly in the 3" oxidation state, with exceptions occurring in the 2" (Eu, Nd, Pm, Sm, Tm,
Yb) or the 4" (Ce, Dy, Pr, Tb) oxidation states. Hence, the most common electronic
configuration for RE*" ions is [Xe]4/™!. The 4f valence orbitals are nested in the ion core,

shielded by the filled 5s and 5p outer orbitals.

In polyelectron atoms or ions, the electron states are ascribed via terms. Terms for an

atom with 7 electrons are defined with quantum numbers in the following format:

T @)
S=Xisy si=1/2, 3)
L=Y, M= —L,...,L, (4)
J=L+SL+S—1,.,L-S| )

where S — the total spin angular momentum quantum number, s — the spin quantum number, L
— the total orbital angular momentum quantum number, M} — the total magnetic orbital angular

momentum, and J — the spin-orbit coupling [62]

With the following Hund rules the ground states of the lanthanide ions can be

determined. The ground state is the one with:

e the largest total spin angular momentum (S) and the quantum number S can take
half-integer or integer values.

e the largest orbital angular momentum (L) and the quantum number L takes only
integer values assigned to a letter of the Latin alphabet, e. g., §=0,P=1,D =
2,F=3,G=4.

e if'the valance electron shell is:
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o not half-filled, the total angular momentum takes on the smallest value:
J=|L+S].
o more than half-filled, the total angular momentum takes on the highest

value: J=|L+S|.

According to Laporte’s parity rule intraconfigurational 4f-4f transitions are forbidden.
If the parity between the transitions with respect to the inversion centre is not conserved, the
transition is allowed. The electronic transition must follow the spin rule, where the spin of
excited and ground states remains unchanged. For several lanthanide ions, the change in spin
accompanies the 4f-4f transition. However, this rule is relaxed by the spin-orbit coupling.
[62,63] The inner 4f-4f transitions are of electric dipole (ED), magnetic dipole (MD), or electric
quadrupole (EQ). The ED transition is an odd parity transition, contrary to the MD and EQ
transitions, which are of even parity. The intensity of the transition is the lowest for the
electronic quadrupole. When RE*" ions are doped in a solid matrix, the spherical symmetry is
broken. Additionally, if the crystal structure of the matrix does not have an inversion centre
the interactions between orbitals occur and partially mix. Therefore, the parity rule is somewhat
relaxed and an electric dipole transition becomes allowed. In this case the “forced dipole
transition” term is used. The intensity of this transition is lower by orders of magnitude in
comparison to the allowed electric dipole transitions. [64] Dieke’s scheme of the energy levels
of the lanthanide ions is presented in Figure 1. [65] The structure of the energy levels was
computed for lanthanum fluoride as the matrix material. The specified levels allow for
an accurate analysis of the experimental results despite the use of other matrices, as the values

remain almost constant. [66]
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Figure 1. The energy levels scheme of RE*" ions: LaFs. [65]

The interconfigurational 4f-5d transitions in lanthanide ions are allowed by Laporte’s
parity selection rule. When compared to 4f-4f transitions, 4/-5d appear much broader.
As mentioned previously, the 5d orbitals are the outer orbitals shielding 4f orbitals. Hence, 5d
orbital is sensitive to crystal-site symmetry changes and interacts with the ligand. The 4/-5d
transitions are the high-energy transitions. In the literature the most observed ones are those of
Ce**, Pr*’, and Tb*>" ions. The energies of their 4f-5d transitions are the lowest out of all the

lanthanide ions. [67]

The charge transfer (CT) transitions are high-energy allowed transitions and can be

divided into ligand-metal charge transfer (LMCT), metal-ligand charge transfer (MLCT), or
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metal-metal charge transfer (MMCT). These transitions are often used as a pathway for
sensitization of lanthanide ions luminescence. As mentioned before, the intensity of the forced
dipole transition is very low. For this reason, alternative routes of luminescence excitation are
considered. The charge transfer efficiency can be affected by competitive non-radiative
processes, for example back energy transfer. The energy transfers between lanthanide ions
constitute a topic of ongoing research [68] and occur between, i.e., Ce**-Tb**, Tb*"-Eu*", Tm**-

Dy**, Sm**-Eu**, Ce**-Dy**, Ce**-Nd**, and Ho**-Yb*", Er**-Yb*", Tm**-Yb**.

If one were to design an ideal system containing all lanthanide ions, an emission
spectrum with peaks spanning the entire UV-Vis-NIR spectrum would be obtained.
The exceptions are La*" and Lu** which are not luminescent. The emission peaks of the

lanthanide ions have narrow bands and small Stokes shifts.

Europium ions luminescence

The europium element classifies as a light lanthanide. Upon excitation with UV radiation, it
exhibits strong red luminescence, with emission lines in the 575 — 725 nm spectral range. The
photoluminescent properties of Eu** ions have been researched in multiple inorganic matrices,
organic complexes as well as glasses. A careful evaluation of both the shape and intensity of
the lines in the absorption and emission spectra is extremely important. The apparent changes
may indicate disruptions in the local crystallographic environment surrounding the europium
ion in the matrix. Spectroscopic measurements of the Eu®" ion carry a plethora of information.

Therefore, the ion has gained popularity and wide range of applications. [69-76]

Europium ion (Eu®") has [Xe]4/° electronic configuration, and the 4f orbital is shielded
by 5s® and 5p° outer orbitals. Europium doped compounds present intense red emission due to
the °Dy — "F transitions, where J=0, 1, 2, 3, 4, 5, 6. The commonly observed in the Vis part
of spectrum are the Dy — "Fy ; 2 34 transitions. Additionally, transitions from other Eu** excited
states can be observed. These are the higher excitation states: °D;, °D, and *Dj;. Nevertheless,
the spectral lines corresponding to the transitions from these states are not as commonly
observed as the ones from the lower Dy state. Two types of transitions occur in Eu®" ions
the forced electric dipole (ED) transitions (the *Dy — "Fy234) and the magnetic dipole (MD)
transition (the Dy — "F). The intensity of the Dy — ’F; MD transition is mainly independent

of the crystal site symmetry, as its intensity appears strong. The ED transitions are influenced
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by the environment. The °Dy — ’Fy transition is rarely observed, only in C,, Cy and Cs
symmetries. [77] The Dy — ’F, transition is a very strong transition classified as
hypersensitive. There is a significant environmental impact on the shape and intensity of this
transition. The intensity of the Dy — "F3 is very weak, as it is a forbidden transition. Although,
the Dy — F transition, is not classified as a hypersensitive transition, it is also affected by

the environment. The intensity of this transition is medium to strong.

Visible in the excitation spectra, the "Fy — L transition having its maximum at about
397 nm is the most intense transition of the europium(III) ions. This transition is most used for

the direct excitation into the fterms of Eu** ions.

Although, as mentioned before, Eu®" ions red emission can be efficient compared to
other lanthanide ions, many researchers seek after the highest possible efficiencies.. To
overcome the problems associated with the poor light absorption of lanthanide ions, co-doping
with other optically active ions that are specific luminescence sensitizers is used. As Eu**

sensitizers Bi** [13,78,79] and Pb>* [80,81] ions can be used.

Terbium ions luminescence

The terbium element is classified as a heavy lanthanide. Upon excitation with UV or near UV
radiation, it exhibits green luminescence, with emission lines in the 450 — 650 nm spectral
range. The photoluminescent properties of Tb** ions have been researched in various inorganic

[82—84] and organic matrices [85,86], and glass [87,88].

The standard emission excitation spectrum of Tb*" ions in an inorganic matrix consists
of 4/3-47'5d" at around 240-280 nm, and at slightly lower energies the 4/-4f transitions occur:
the "Fs — °H7, the "Fs — L7, the "Fs — “Ls, the "Fs — °Lo, the "Fs — °D3, and the "Fs — °D..

Most commonly, upon 375 nm excitation, the emission spectra of Tb** ions consist of
the °D; — "F transitions, where J = 3, 4, 5, 6. Additionally, the °D; — "F’s 4 transitions can be
observed, but with substantially lower intensity. Typically, the most intense transition is the °Dy

— ’Fs with its maxima at 545 nm. [89]
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Up-conversion luminescence

Up-conversion luminescence involves the emission of a photon with significantly higher energy
than that carried by the incident photon. Schematically, the UC process can be characterised as
a transition between three states. The first state is the ground state and the next two are two
consecutive excited metastable states. This process is observed when the energy difference
between the ground state and the first excited state, and the energy difference between the first
excited state and the second excited state are equivalent. In addition, the lifetime of the first
excited state must be adequate for further excitation to take place, as radiation-free relaxation
to the ground state cannot occur during this time. The up-conversion process can occur not only
within one ion, but also between two different types of ions. When two ions are involved in the
up-conversion process, one ion plays the role of the sensitizer and the other of the activator.
In addition to those mentioned, new requirements must be met if ions of two different elements
are used. The first is the degree of spectral overlap between the sensitizer’s emission band and
the activator’s absorption band. The second is the ratio between and the sensitizer and
the activator content in the matrix, because non-radiative energy transfer requires shorter
distances between two ions compared to radiative energy transfer. The up-conversion processes
include energy transfer up-conversion (ETU), excited state absorption (ESA), cooperative
sensitization up-conversion, and photon avalanche (PA). The two ion pairs most used for up-
conversion process generation are Er’*-Yb** and Tm*"-Yb*". These two ion pairs have gained
popularity for being the most effective. Excluding the photon avalanche (PA), the up-

conversion processes in general are highly inefficient. [90]
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Figure 2. Up-conversion processes: Excited State Absorption (a), Energy Transfer Up-
conversion (b), Cooperative Sensitization Up-conversion (c), and Photon Avalanche (d).

The “excited state absorption” (ESA) (Figure 2a) process name coincides with
the mechanism, that involves the successive absorption of the n photons by 7 subsequent states
(1, 2) in one ion. The subsequent excited states (1, 2) must be equidistant by an identical energy

value. This process occurs in ions with evenly spaced terms, a ladder-like structure, i.e., Er*”,

Ho*", Nd**, and Tm>" ions. [91]

The energy transfer up-conversion (ETU) (Figure 2b) involves two ions, sensitizer (ion
1) and activator (ion 2). The sensitizer is excited from a ground state (0) to a metastable state
(1). Subsequently, the energy is transferred to the activator, causing its excitation to first excited
state (1). While the sensitizer (ion 1) simultaneously returns to the ground state. Finally
emission occurs within the activator (ion 2). This process occurs between, i.e., Ho>*-Yb** Er*-

Yb** pairs (ions).

The cooperative sensitization up-conversion (CSU) (Figure 2c¢) process similarly to
ETU occurs between two different ions (ion 1 and ion 2). The incident beam causes two ions
of the same element (ion 1) to be simultaneously excited from the ground state to
an excited state (1). Thereafter, the energy of the two excited states is somewhat combined and
transferred to the activator’s ion (ion 2), causing its direct excitation to a higher energy excited

state (2). Activator emits high energy photon, while returning to the ground state.
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Photon avalanche (PA) (Figure 2d) involves series of ESA and the cross-relaxation
processes occurring between ions of the same element. For the cross-relaxation phenomenon to
take place, the ions must be near each other in the crystallographic structure. Hence,
the concentration of the optically active ion is crucial. The PA process begins with the ground
state absorption within one of the ions (ion 1). Through the cross-relaxation energy is
transferred to different ion (ion 2) causing population of the first excited state (1), while ion 1
returns to the ground state. The second excited (2) state of ion 2 is populated by ESA process.

The process can looped until all of the ion 2 types are in the same excited state.

Luminescence of s? type ions

The ns? group includes transition metal ions such as Bi** (6s), Pb*" (6s%), Sb** (55%), and TI*
(6s%). When free ions with electron confluence s are concerned, the ground state 'Sy and
subsequent excited states with increasing energy: *Py, *P;, P> and ! P; are observed. The /Sy —
3Py transition is strictly forbidden. The occurrence of the transitions to two following excitation
states ({Sp — 3P, >) is based on the spin-orbit mixing. [92] The high energy transition, the 'Sy
— 1Py, is a spin-allowed transition. The emission spectra of s* ions are temperature-dependent.
At low temperatures, the 'Sy —’Py forbidden transition is detectable [93], but with increasing
temperature the emission from the *P; level becomes dominant. The photoluminescent
properties of the s* ions emission depends on the applied matrix and site symmetry. The 6s°
ions (i.e. Bi** ion) occupy octahedral or preferentially asymmetric coordination. [94]
Additionally, absorption bands derived from the CT transition from the host material’s metal to
the s? ion are observed. It is explained by the formation of the metal-to-metal charge transfer
(MMCT) state between electronic levels of Bi** and metal ions (M™) with d*'° configuration.
It is described as a transition from the Sy (Bi**) ground state to the conduction band (CB) states

of the host material. [95]
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Experimental

This paragraph is focuses on the theory and mechanisms behind applied measurement
techniques. The operating conditions and measurement ranges used to characterise the materials
by the following techniques were always adjusted to the analysed material. These parameters
were included in the experimental description section of each presented scientific paper
accompanying the dissertation. In addition, a description of the synthesis method for each

material was also included in the experimental section of each paper.

X-ray diffraction

A careful analysis of diffraction patterns of the X-rays on a material’s crystal lattice and
an analysis of the resulting diffractograms allows for qualitative and quantitative
characterisation of the monocrystalline as well as polycrystalline materials. The use of the X-
ray diffraction method makes it possible to determine the type of crystal structure of the
analysed crystalline material. Each crystalline substance forms a characteristic and
unambiguous diffraction pattern. Thus, by utilizing the X-ray diffraction technique, it is
possible to characterise the substance as a mixture component and a pure crystalline phase. The
advantage of phase analysis is that the crystalline form of a chemical compound can be
unambiguously characterised rather than its elemental composition. With the XRD technique,
it is possible to distinguish polymorphic varieties of the crystalline systems under investigation.
X-ray powder diffraction is a fundamental technique of structural X-ray radiography, finding
applications in scientific fields such as physics, chemistry, metallurgy, and materials science.
By the use of X-ray powder diffraction, it is possible to determine the size of crystallites, lattice

constants, phase boundaries, internal stresses, and textures. [96]

In the X-ray diffraction method, a beam of monochromatic parallel X-rays falls on
a crystalline preparation. [96] The crystalline preparation can be a powder formed into thin (0.2-
0.3 mm) rods or plates. [96] Incident X-rays diffract of the crystalline planes that are in position

according to the Bragg equation:
2dpsing =nh, (6)

where: dni — inter-plane distance, A — wavelength of radiation, n — diffraction order, 6 — angle

of reflection.
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The use of a powder material leads to a differential alignment of the lattice planes, where
the highest number of planes in reflective positions is observed. The reflecting position is

the one in which the incident and reflected ray co-form an angle of 26.

A sliding scintillation counter is used to register the signal with the registration of
reflections taking place gradually (one after the other). The result of the X-ray diffraction
measurement is a plot of intensity as a function of angle (26). As a radiation source, the
following lamps can be used: Co (A=1.79 A), Cu (A=1.54 A), Cr (. =2.29 A), Fe (A= 1.94
A), Mo (A=0.71 A).

Electron microscopy

The principle of microscope operations can be simplified to the transformation of the observed
object to an image. Two types of electron microscopy techniques were used to analyse
the materials scanning electron microscopy (SEM) and transmission electron microscopy
(TEM). For all microscopes, parameters such as resolution, magnification, depth of field, depth
of focus and lens aberration are required to be defined and specified. In the case of electron

microscopy, the interaction of the electron beam with the material is of great importance.

The scanning electron microscopy (SEM) measurement involves scanning the sample
with an electron beam and detecting the scattered radiation. The incident electron beam carries
energy between 1 and 30 keV. Images obtained via SEM provide an information about
the external structure of the material (morphology and shape), the size up to 1-20 nm and the

size distribution.

The transmission electron microscopy (TEM) measurement involves detection and
analysis of the electrons diffracted and transmitted through the sample. The energy of
the incident electron beam is above 100 keV. Application of high energy allows for higher
resolution. The transmission electron microscopy provides information about the internal
structure of the material, fine structure of crystals, size and distribution. Two working modes
can be differentiated for TEM: the bright-field and the dark-field. For these modes, different
types of electrons are passed through the aperture. The bright-field mode is based on transmitted

electrons, contrary to the dark-field mode which is based on diffracted electrons. [97]
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Inductively coupled plasma - optical emission spectroscopy

The inductively coupled plasma - optical emission spectroscopy (ICP-OES) technique allows
for the determination of the elemental composition. Advantages of this technique include high
signal-to-background noise ratio, repeatability, high sensitivity of 0.1-100 [ng/mL] for most

elements, ionisation capacity of more than 70 elements.

A liquid sample is injected into an argon plasma with a nebulizer. The analysed sample
in the form of a mist reaches the plasma. Thereafter rapid drying and evaporation take place.
The emission excitation is induced by collisions at high temperature (up to 10,000 K) in plasma.
Further, the atomic emission is analysed. It is possible to measure a single element as well as
multiple elements simultaneously (up to 70). The analytical performance of such a system is
competitive in terms of measurement sensitivity and sample throughput. [98] Based on the
energy carried by emitted photon rays, the elemental composition is determined. In contrast,

the intensity of the signal allows the content to be determined precisely.

Infrared spectroscopy

Infrared spectroscopy allows for determination of the functional groups building structural
framework of the molecules. Functional groups can be differentiated due to the absorption of
the infrared radiation by chemical bonds. The absorption frequency for the functional groups
remains constant regardless of the analysed material, as it depends on the geometry of the
atoms, the mass of the atoms and the force constants of the chemical bonds. Therefore, by using

this technique, the structural changes that occur can be identified. [99]

In order to observe the absorption of molecules, the selection rule must be fulfilled, and
a change in the electric dipole moment must occur. The change in the electric dipole moment
of a molecule is directly related to rotations and vibrations. The vibration movements are
generally divided to stretching and bending. Further, stretching vibrations can be symmetric or
asymmetric. Bending vibrations can be differentiated to deformation, rocking, twisting and

wagging. Additionally bending vibrations can occur in-plane and out-of-plane. [100]

Potassium bromide (KBr) is a compound used in infrared spectroscopy technique

to dilute powder materials by mixing and forming a pressed pellet. The use of potassium
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bromide is supported by its significantly low infrared absorption coefficient, especially in the

medium infrared spectral range from 4,000 to 400 cm™.

Photoluminescence spectroscopy

While conducting scientific research, great attention has been paid to measuring
the luminescence properties of the YXZO4 materials. Several measurements were carried out
to thoroughly characterise the occurring processes and mechanisms through emission excitation
spectra, luminescence emission, and detection of luminescence decay time profiles. In carried
out measurements each setup was precisely adjusted to obtain the best signal-to-background

noise ratio.

In emission spectra, the energy carried by the excitation beam is set, and the intensity
of the emitted radiation is analysed by scanning the range of wavelengths using an emission
monochromator. Emission spectra were collected upon excitation with a variety of
wavelengths. Appropriate wavelengths were strictly correlated with the analysed material
and optically active dopants. As an excitation source a pulse laser, a continuous-wave laser
diode, and a xenon lamp were used. Depending on the UV-Vis-NIR light source used, the
incident beam passed through a monochromator and then a set of optical lenses and filters.
Thereafter, the beam interacted with analysed material and as a result, luminescence emission
was scanned and further detected. If needed generated emission passed through a set of
additional filters before being detected by a photomultiplier. In the end, the signal was
transformed with a computer program correlated with the type of detector and (if needed)
monochromator used. Each time the processed signal was obtained in the form of a spectrum
with a predetermined spectral range. The emission spectra measurements were collected for

different temperature conditions as well as the laser’s pumping power.

The opposite mechanism occurs in emission excitation spectra. The emission
monochromator is set on a specific emission wavelength. The excitation wavelength is scanned
over a pre-set energy range. The spectral response of the material is measured, and a spectrum
is obtained that reflects the energy levels of the system under study. Emission excitation spectra
were collected for selected emission peak maxima dependent on optically active ions used
in scientific papers. As an excitation source, the xenon lamp was used. Each presented spectrum

was corrected for the lamp response.
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An important characteristic of the luminophore is the luminescence lifetime.
The luminescence lifetime corresponds to the average time the phosphor radiatively
depopulates from the excited state to the ground state. A pulse laser was used to excite materials
under study for the measurement of the luminescence lifetimes. The measurement setup was
additionally equipped with a digital oscilloscope. Luminescence lifetime is measured as
the slope of the emission intensity versus time. Experimental luminescence lifetimes measure
the decay of the excited state by radiative relaxation including competing mechanisms that
occur, such as energy transfers or nonradiative relaxation. Importantly, competing relaxation
pathways can account for significant changes in the shape of the decay profile and reductions
in luminescence lifetimes. Additionally, luminescence lifetimes can be influenced by internal

chemical and structural factors.
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Scientific papers included in the dissertation

Results

The dissertation includes four scientific articles included in the chapter Results. These articles
were included in the dissertation submitted for review as finally published (with publisher's
marks). Due to potential copyright infringement to the publisher, the submitted dissertation
includes the publication "The study of the influence of pH on the structural and spectroscopic
properties of nanocrystalline Eu** ion-doped yttrium orthovanadate" in the AAM (Author's
Accepted Manuscript) version - i.e., the author's version accepted for publication. The
published version can be found on the publisher's website: DOI: 10.1039/d0dt04052e. The other
3 publications were released under the open access model, so the dissertation includes their

published versions.

P1: The study of the influence of pH on the structural and spectroscopic

properties of nanocrystalline Eu’* ion-doped yttrium orthovanadate

Marta Wujczyk, Adam Watras, Rafal J. Wiglusz

Dalton Transactions, 2021, 50, 3724
DOI: 10.1039/d0dt04052¢
IF: 4.569
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The motivation for the scientific publication entitled “Investigating the effect of pH on
the structural and spectroscopic properties of nanocrystalline yttrium orthovanadate doped
with Eu*" ions” was related to optimizing the synthesis pathway and determining the connection

between the colour of the resulting powder material and the synthesis conditions.

This study was aimed to investigate the physicochemical properties of the YVO4 system
in varying pH conditions. The materials were obtained via the co-precipitation method.
Europium (Eu®") was chosen as a dopant, due to its properties as a luminescence probe.
The use of Eu®" ions would make it possible to determine changes occurring in the adjacent

crystallographic structure of the optically active ion.

The co-precipitation synthesis method was applied to obtain the materials. A series of
eight YVO4: 1 mol% Eu®* materials was synthesized in pH 4-11. As-prepared materials were
heat-treated at 800 °C for 3 hours. A change in the colour of the powders was evident. The
change in the material colour may be due to the formation of oxygen vacancies and the presence
of V*" ions. Therefore it was proposed that, the change in the sample’s colour intensity can be
correlated with the number of defects. The synthesis method used led to obtaining YVOg4
materials with a zircon-type crystallographic structure. No additional crystalline phases were
observed. The SEM images were analysed for the entire series of materials. A strong correlation
was observed, between the synthesis conditions and the size and shape of the particles. Based
on the SEM images, an analysis of the size distribution of individual particles was performed.
The materials showed a wide size distribution. The paper presents the evolution of the
representative particle’s shape over the broad range of pH conditions from 4 to 11. The original

particle size was not preserved.

The spectroscopic properties of the materials were analysed through emission spectra
collected were upon 397 nm and 266 nm excitation at room temperature. Observed was a strong
dependence of the intensity in relation to the pH. A non-uniform dependence of intensities on
excitation at 266 nm and 397 nm was shown. Upon the direct 4f-4f excitation, the highest
emission intensity presented the sample obtained at pH 10. Contrary to excitation upon 266 nm,
the highest intensity was detected for samples obtained at pH 6 and 9. For selected sample
measured were the luminescence emission spectra at room and liquid nitrogen temperatures.
A strong temperature dependence of the Eu’* ions was showed in the compiled spectra.
Emission excitation spectra revealed typical to Eu®" inner 4/-4f transitions and two broad charge
transfer bands, the O-Eu, and the O-V. Luminescence profiles highlighted the rise and decay of
the luminescence. The rise and decay times were calculated based on the collected profiles.
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With changing the pH from 4 to 11 the decay time was prolonged. No significant changes

in luminescence rise time were observed.

In conclusion, materials obtained via the co-precipitation synthesis route at alkaline pH
show improved spectroscopic properties. The co-precipitation synthesis method allowed the pH
control during the reaction. Presented study showed the evolution of the size and shape of

individual particles from rode-like to oval-like structures.
The dissertation author contributed to the process of creating the scientific article with:

e Synthesis of the YVOu: 1 mol% Eu*" materials;
e Analysis of the XRD patterns;
e Analysis of the SEM images;

e Measurement and analysis of emission (at room and low temperatures), emission

excitation, and decay profiles;
e Preparation of the graphics and charts;

e Co-writing and co-editing the manuscript.
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nanocrystalline Eu*" ion doped yttrium orthovanadate
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Institute of Low Temperature and Structure Research, Polish Academy of Sciences, Okolna 2, 50-422 Wroclaw, Poland

Abstract

This paper presents an evolution of size
and morphology of yttrium orthovanadate,
influenced by pH conditions during the
synthesis. A thorough research of the
spectroscopic properties has been performed.
Series of highly crystalline 1 mol% Eu*":YVO4
has been synthesized using the co-precipitation
method.  Additionally, to improve the
crystallinity materials have been heat-treated at
800 °C. The structural and morphological
properties of the particles were studied using
XRD (X-ray powder diffraction) and SEM
(Scanning Electron Microscopy) techniques.

In order to investigate spectroscopic
properties of 1 mol% Eu*: YVO,, emission
spectra and luminescence kinetics were
measured. It has been found that alkaline pH
manifests in smaller particles in comparison to
acidic pH conditions. Additionally, superior
spectroscopic  properties present materials

obtained also in alkaline pH.
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1. Introduction

Research on advanced nanometric
phosphor is of great importance. It is crucial to
broaden  knowledge on novel nano-sized
luminescent materials in order to refine
morphological, chemical and spectroscopic
properties. Yttrium orthovanadate (YVOs) has

t 15, which can

attracted an astonishing interes
be attributed to the physicochemical properties
and potential applications as host materials for

optically active ions &’

. Shape and size of
yttrium orthovanadate is dependent of the
synthesis route and can vary significantly 1°,
Well-defined nano-sized particles of yttrium
orthovanadates have been prepared by various

11

synthesis routes: solid state reaction ', solvo-

and hydrothermal synthesis '?, precipitation and
sol-gel methods '3, etc. The ease of
modifications during the synthesis as well as its
simplicity cause the co-precipitation method to
be one of the most effective ones. Although, it
has some disadvantages like a necessity for
further heat treatment to better the crystal
structure and spectroscopic properties.

It has been indicated that pure-phase YVO4
can be precipitated only in pH conditions
greater than 8, because in acidic pH YV3Ov
and/or Y,V 10025 are obtained '4. Although, it
has been reported that pure phase of YVOu
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nanocrystals can be obtained via hydrothermal
and microemulsion synthesis in wide range of
pH values during the synthesis '*!7. Size and
morphology of the YVO4 particles can be
achieved by alteration of pH conditions. Hence,
in this study materials have been prepared using
co-precipitation method. The main goal of this
study is to investigate in detail morphological
and spectroscopic properties of Eu** ion doped
YVOs nanocrystals that vary in pH conditions
(from 4 up to 11) during the synthesis. The pH
value was adjusted using ammonia solution.

Amidst the lanthanide ions Eu** can act as a
luminescent probe '*2°, It has been proven that
Eu*" probe carries an information concerning
the local chemical environment of the dopant as
well as an information about the structure 222,
Therefore, in this study Eu®" ion was chosen as
a dopant. Materials have been prepared by co-
precipitation synthesis and heat-treated at 800
°C for 3 hours. Structural, morphological, and
spectroscopic  measurements have been
performed to characterize YVOs for the
properties influenced by pH.

2. Experimental

2.1. Synthesis route

The nano-sized 1 mol% Eu*" doped YVOq
powders were obtained by co-precipitation
method by mixing stoichiometric amounts of
Y(NOs)3 (Alfa Aesar 99.99%), Eu(NOs)s (Alfa
Aesar 99.99%) and NH4VOs (Sigma Aldrich,
99%) solutions on a hotplate stirrer. Lanthanide
reactants were prepared by digesting oxides
(Y203, Euz03) in an excess of the ultrapure

HNO:s, thereafter re-crystalized thrice to get rid

of an excess of HNOs. Suspension’s pH was
each time adjusted and maintained by addition
of ammonia solution. Steady value varied from
pH 4 up to pH 11, with a step equal unity. The
synthesis was carried out on a hotplate with a
magnetic stirrer at 70 °C for 1.5 hour. Further
the precipitate was centrifuged and washed with
deionized water to obtain neutral pH. Final
residue was dried for 24 hours at 70 °C and later
heat-treated at 800 °C for 3 hours. Thereafter,

nano-sized powder samples have been obtained.

2.2. XRD, SEM and TEM analysis

The X-ray diffraction patterns were
obtained by the use of X’Pert Pro PANalytical
diffractometer (Cu, Koi: L = 1.54060 A) in a 20
range of 5-75°, with a scan rate of 2.3 °/min for
30 minutes at a room temperature (300 K). The
elemental composition analysis of the YVOq
nanoparticles as well as morphology analysis,
were performed on the scanning electron
microscope (FEI Nova NanoSEM 230 equipped
with  an  EDS
PegasusXM4)).

spectrometer (EDAX

2.3.Spectroscopic measurements

Emission spectra were recorded for three
excitation wavelengths, the first Aexe = 397 nm,
the second Acxc = 266 nm and the third Aexc = 314
nm. As a source of the first excitation wavelenth
a pulse Ti:Sapphire tunable laser pumped by
532 nm line of YAG:Nd*" laser was used. The
266 nm wavelength was obtained by the use of
266 nm diode laser (50 mW). For the emission

spectra measurements with the 314 nm



wavelength the McPherson spectrometer was
used. This spectrometer is equipped with 0.3 m
criss-cross Czerny-Turner monochromator,
with a 150 W xenon lamp as an excitation
source and with a Hamamatsu R928
photomultiplier as a detector. For measurements
with the Aexe =397 nm excitation wavelength the
435 nm Schott filter was applied. As an optical
detector the Hamamatsu PMA-12 photonic
multichannel analyzer was used, when excited
with Aexe = 397 nm, 266 nm wavelengths. Decay
curves were measured at 619 nm, under
excitation from Ti:Sapphire LOTIS TII (Aexe =
395) wusing a Jobin-Yvon THR 1000
spectrophotometer, a Hamamatsu R928
photomultiplier as a detector and a LeCroy
WaveSurfer digital oscilloscope. Decay times
were calculated with a weighted average

equation as follows:

S () ¢ de
[ 1) dt

Tav

Room temperature excitation spectra were
measured by the wuse of the FLS980
Fluorescence Spectrometer from Edinburgh
Instruments equipped with a 450 W Xenon lamp
and a Hamamatsu R928P photomultiplier
monitoring the >Dy — F; transition at 618.8 nm
Each of the obtained spectra was corrected for
the  instrument
dependent emission spectra (100 K, 300 K, 700
K) were recorded on Linkam THMS600 stage
for Aexc = 398 nm of the diode laser.

response.  Temperature

3. Results and discussion

3.1. Structure and morphology

Yttrium orthovanadate crystalizes in
zircon-ZrSiO4 type tetragonal structure to
14,/amd space group (see Figure 1). Doping
with lanthanide ions causes substitution of
octahedral Y3* by Eu*" ions. Ionic radii of Y**
(1.16 A, CN = 8) is similar to Eu*" (1.21 A, CN
= 8), therefore ion substitution should not cause
local crystallographic defects 2. YVOq unit cell
parameters are listed in Table 1.

Table 1. YVOq unit cell parameters **.

crystal structure zircon tetragonal

space group 141/amd (no. 141)
a(4) 7.1183(1)
b (A) 7.1183(1)
c(d) 6.2893(1)
a(®) 90
B 90
Y (9 90
point-group symmetry Dan
coordination no. Y(8), V(4), 0(3)

Figure 1. Three-dimensional (3D) view of the YVOq super
cell (a) and unit cell (b) indicating the Y** and V°*
coordination polyhedra.

X-ray diffraction patterns presented in
Figure 2 are in accordance with a standard
pattern of YVO, acquired from Inorganic
Crystal Structure Database (ICSD) no. 78074.
Diffraction patterns confirm crystal phase
purity of obtained materials. Therefore, it can be
stated, that independently on the pH conditions

pure YVO4 can be obtained. However, reaction



yield significantly differs, generally is lower in
acidic pH than in alkaline pH. Powder
diffractograms derivate from the standard
pattern by a 20 shift towards smaller angles,
presumably caused by the expansion of the unit
cell. Additionally, increased full width at half
maximum (FWHM) of each peak is observed
for the materials obtained at pH equal and
higher than 8. Broadening of peaks indicates

smaller size particles.
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Figure 2. XRD patterns of 1 mol% Eu’":YVOq annealed
at 800 °C for 3 hours obtained at different pH values.

As presented in Figure 3 also color of
the heat-treated material is dependent on the pH.
It is supposed that in different pH conditions
various polyvanadate ions take part in
crystallization of YVO, . It has been stated,
that the impurity phases taking part in formation
of YVOysare i. e. YV309, Y2V1002s, YsV207 2.
Presence of the vanadyl ions may negatively
impact the formation of YVO4 with oxygen
vacancies and formation of V4" defected ions %°.
Therefore, the color of the materials with
changing pH may be affected. Intensity of the
yellow color may indicate high concentration of
defects in YVO. materials. Nobe et al. ?’ and
Garce et al.”® indicated that the yellow color of

YVO, is directly associated with oxygen

vacancies and vanadium ions of lower oxidation
states (V*" ions adjacent to oxygen vacancies).
Diffraction data show pure in phase YVO4 with
no unwanted phase (Figure 2). Occurrence of
the defects may greatly impact the
luminescence properties of the materials.
Therefore, when observing the lattice changes
application of Eu*" ion as a luminescent probe
is crucial. Size of the particles has been
determined by SEM images presented in Figure
4. As can be noted that particles have well-
defined morphology. Change in size of the
particles for material obtained in alkaline pH in
comparison to those obtained in acidic or
neutral pH is visible. Therefore, synthesis
alterations are manifested in size reduction and
changes in morphology of particles. Particles
vary in average size, from 1.3 pum for pH 4,
through 400 nm for pH 7, to 110 nm for pH 11.
Particles shape distinctly changes from rod-like
in acidic pH, oval in neutral, to spindle-like in
alkaline pH. SEM images present information
concerning the degree of aggregation. Based on
Figure 4, it can be stated that obtained 1 mol%
Eu**:YVO4 material independently on the pH
shows agglomerated particles. Size distribution
of the representative materials is presented in
Figure 5 and Figure S1-S4. Strong linear
correlation between the length and the width of
the particles is observed for those obtained at
rather neutral pH. Contrary to the particles
obtained at strongly acidic and alkaline pH,
where correlation between the length and the
width is unnoticeable. The shape evolution is
schematically presented in Figure 6, herein the
actual size of the particles is not preserved. It is

proposed that varying pH directly influences the



nucleation, growth and Ostwald ripening. It has
been reported by F. Li et. al. that there is a direct
correlation between the pH (of the reaction
mixture) and the nucleation, growth and

aggregation processes 2.

In the beginning
stages of the synthesis — after mixing the
reactants, initial monomers of YVO; are
formed. Thereafter, created monomers, grow
and in acidic pH create much bigger particles
than in alkaline pH. On the basis of the
Ostwald’s ripening, bigger particles have been
created via dissolution of the small particles and
followed by redeposition onto the bigger ones.
On the other hand, in alkaline pH mixture the
Ostwald ripening is disallowed — influencing
the growth and the coarsening, resulting in
creation of the smaller particles. Therefore, it is
proposed, that addition of the diluted ammonia
solution might stabilize smaller molecule’s
surface. Such statement may be based on
occurrence of the Ostwald’s ripening. Smaller
particles are not energetically preferable in
comparison the larger ones. In presented case,
diluted ammonia may attach NH4" ion onto the
surface of the particles and contribute to the
nucleation rate as well as particles growth.
Suggested  explanation  for  occurring

phenomenon is in accordance with obtained

SEM images.

Figure 3. Illlustrative photo of obtained materials in fused
quartz tubes.

Figure 4. SEM images of 1 mol% Eu’*: YVOq4samples
synthesized at different pH values from 4 to 11.

® pH4 @ pH6 @ pH7 @ pH11

Made size P
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Figure 5. Size distribution dependent on width and length
of the 1 mol% Eu’*:YVOu obtained at different pH.

pH7 pH8 pHY9 pH10 pH1l1

Figure 6. Scheme of pH conditions during the synthesis
correlated with representative particles.

3.2. Spectroscopic data

The influence of pH conditions manifests

not only in morphology and size, but also in



luminescent properties. Obtained emission
spectra of the materials prepared in varying pH
conditions are presented in Figure 7. An
excitation wavelength of 398 nm has been
chosen to excite the °Le term via the 'Fo — °Le
transition. Sharp, narrow bands at 538 nm, 560
nm, 587 nm, 590 nm, 619 nm, 652 nm, 698 nm
relate to europium(IIl) ions and can be assigned
to the °D; — "F12, Do — "Fo.123.4 transitions,

respectively %1,
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Figure 7. Emission spectra of 1 mol% Eu’*: YVO4
annealed at 800 °C for 3 hours, excited with the 397 nm
(a), the "Dy > "Fy transition magnification (b) and
integrated, normalized emission spectra in the 500 - 728
nm range (c).

Materials obtained from alkaline solution
present predominant emission intensities in
comparison to materials obtained from acidic
solution. Sample with the highest emission’s
intensity is the one obtained at the pH = 10. In
case of nanometric particles presence of the
surface defects is inevitable. Superior
spectroscopic  properties of the materials
obtained in alkaline pH may depend on the
better crystallinity of the material. Less oxygen
vacancies are created as well as V** defect ions.
Presence of oxygen vacancies and V*" ions can

lead to the non-radiative energy loss. Initial

energy may be trapped in created defects and
directly affect the emission intensity of
materials obtained in acidic pH. Emission
bands of the materials obtained in strongly
alkaline pH are slightly broaden in comparison
to those obtained in more neutral and acidic pH.
Most likely it can be assigned to crystal
structure distortions 2. The Dy — ’F»
transition is the electric dipole (ED) transition
and the Dy — F transition is the magnetic
dipole (MD) transition. In each material ED
transitions present predominant intensities
when compared to MD transitions. Therefore, it
can be deduced that crystallographic
environment of Eu* is non-centrosymmetric.
To confirm the non-centrosymmetric location of
Eu** the asymmetry parameter R has to be
calculated. Parameter R carries an information
about a degree of asymmetry in near vicinity of
Eu** in crystal structure, Eu-O covalence
influenced by site symmetry, covalence of
ligand atoms and electronegativity *.
Asymmetry parameter can be calculated using

following equation:

f5D0 _F,
R o

For calculations two data ranges were taken
into consideration, 1% for the °Dy — 'F»
transition: 602 - 642 nm, and 2" for the Dy —
’F, transition: 590 - 602 nm. Table 2 presents
calculated values of the asymmetry parameter.
For each material parameter R is higher than 1,
therefore a non-centrosymmetric environment

of the optically active lanthanide ion is

reaffirmed.



Table 2. Asymmetry parameter R calculated for each

material.

Material PH R

4 8.2

5 8.3

6 8.1

1 mol% Eu’*: 7 8.1
YVO« 8 106

9 102

10 10.9

1 10.6

Based on the Figure 7 it can be stated, that
europium ions are localized specifically in one
crystal site independent on the pH, given the
fact that each material obeys the 2J+/ rule for
the number of particular band’s Stark splitting.

In Figure 8 presented are low-, room-
and high-temperature emission spectra of 1
mol% Eu*:YVOs, pH 11. The °D; — "Fi (Amax
= 538 nm), the °D; — "F2 (Amax = 561 nm), and
the *Do — "Fo (Amax = 587 nm) transitions have
higher intensities when measured in high-
temperature (700 K) than in low- (80 K) or
room-temperature (300 K) (Figure 8b).
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Figure 8. Emission spectra of 1 mol% Eu’*: YVOu, pH =

11, obtained at 80 K, 300 K, 700 K (a) and normalized to

the °Do— "F; transition emission spectra (b), excitation
source - 398 nm diode laser, 70 mA.

Emission spectra obtained via excitation
with the 314 nm and 266 nm wavelengths are
presented in Figure 9 and 10 respectivelyBlad!
Nie mozZna odnalezé zrodla odwolania..
Excitation wavelengths were chosen to match
the O — V3" and O* — Eu’* charge transfer
bands, observed in excitation spectra (Figure
11). Emission spectra present characteristic to
europium ions sharp f-f transition bands. For
314 nm and 266 nm excitations the highest
emission’s intensity can be assigned to the
material obtained at pH 9. When excited with
Aexc = 266 nm the °D; — F, and the Do — "F
transitions are observed. However, when
excited with Aexc = 314 nm transitions are not
monitored. Herein, direct dependence of the
emission intensity on the pH conditions is
disturbed. It can be influenced by earlier sated
crystal structure defects and distortions as well
as location of more Eu®" ions on the surface of
the particle. The excitation of Eu®* is indirect,
meaning set to match the charge transfer bands.
Therefore, energy transfer from (VO4)* may
result in a low efficiency for the materials
obtained 1in highly alkaline conditions.
Although better efficiency of the energy transfer
may be observed for the materials obtained in
more acidic conditions, because there is a
probability of more even distribution of Eu**
ions in the bulk and the surface. Additionally,
presence of oxygen vacancies up to a point can
positively effect luminescence properties.
Energy transfer to optically active rare earth
ions can be sensitized via oxygen vacancies as
a result of substantial mixing of charge transfer

states 3.
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Measurements were prepared for the 1 mol% Eu’*:YVOs
annealed at 800 °C for 3 hours.

Excitation spectra were obtained via
monitoring the *Dy — 'F; transition at A = 618.8
nm. In Figure 11 two broad band transitions are
observed. The first band can be assigned as the
O*-Eu*" charge transfer (CT) with maximum at
around 266 nm, and the latter band as the O*-
V3* charge transfer (CT) with a maximum at
around 310 nm !°. In the Vis region of the
spectra (above 350 nm) sharp f-f transition
bands that correspond to Eu** ions are evident
434 The f-f transitions occur in each material but

have higher intensities for the materials

obtained at the alkaline pH. For the materials
obtained in acidic pH CT bands overpower f-f
transitions, in case of the materials obtained in
alkaline pH this dominance is weakened.
Therefore, it may be an affirmation of more
Eu** ions being localized on the surface of the
particles obtained in alkaline pH in comparison

to these obtained in acidic and neutral pH.
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Figure 11. Excitation spectra measured at 300 K for
1 mol% Eu’": YVOus samples obtained at different pH
values, monitored for the Do — "F» transition at 618.80 nm

and excited with 397 nm xenon lamp.

Measurements of luminescence kinetics
are presented in Figure 12 and Table 3, as
decay and growth curves, and correspondingly
decay and growth times. Obtained decay curve
shows double-exponential nature, as it is
characteristic to Eu®": YVO4 materials *3-36,
Based on the emission spectra of Eu*":YVO,
(Figure 7, 8, 9, 10) europium ions locate only
in one crystallographic position of Y**, D»4. The
double-exponential nature of the materials may
be the result of the presence of vanadium ions
of lower oxidation states *°. Therefore, averaged
decay times have been calculated. Change of pH
from acidic to alkaline, results in generally
longer decay times. When compared, decay

time of material obtained at pH 4 is three times



longer than decay time of material obtained at
pH 8. Calculated decay times present
dependence on pH as well as correlation with
emission spectra (Figure 7). There is a gradual
change in intensity of the emission and decay
time up to pH 7. For pH > 8 higher emission
intensities and sudden elongation of decay
times are observed. Longer decay times may
stem from a change in the average Eu®"-Eu®*
distances, what is in accordance proposed
location of the ions on the surface and structure
distortions in form of oxygen vacancies, most
likely occurring in materials with low pH. The
oxygen vacancies and presence of V* may
cause quenching of Eu*" ions and shortening of
decay times °.
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Figure 12. Decay profiles (a) and growth profiles (b) for

the 1 mol% Eu’*: YVO4 material obtained at different pH

values, annealed at 800 °C for 3 hours, monitored for the
’Do— "F: transition at 619 nm at 300 K.

Table 3. Calculated averaged decay times and growth
times for the >Do— "F: transition at 619 nm of 1 mol%
Eu’*: YVOu, heat treated at 800 °C for 3 hours, obtained
at a wide range of pH values.

) Averaged
Growth time .

Jus] decay time

S

! [ms]
pH=4 6.90 0.55
pH=5 6.82 0.57
pH=6 6.83 0.62
pH=7 7.20 0.61

pH=38 6.71 1.18
pH=9 6.51 0.83
pH =10 6.52 1.10
pH =11 6.69 1.50

4. Conclusions
In presented work the focus was put on the
evolution of the size and morphology of 1 mol%
Eu**: YVO, obtained in a variety of pH
conditions. The co-precipitation synthesis has
led to obtaining pure zircon type, tetragonal
structure independently on the pH conditions.
Additionally, heat-treated materials present
different colors of the powders dependently on
the pH conditions. Change in size and
morphology of the particles is also evident.
Material obtained in acidic pH up to neutral,
present particles with bigger sizes and rode-like,
cubic, and oval shapes. Spectroscopic
properties of the materials obtained in alkaline
pH show superior characteristics in comparison

to materials obtained in acidic pH.
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The study of pH influence on structural and spectroscopic
properties of nanocrystalline Eu*" ion doped yttrium

orthovanadate
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Abstract

This paper presents an evolution of size and morphology of yttrium orthovanadate,
influenced by pH conditions during the synthesis. A thorough research of the spectroscopic
properties has been performed. Series of highly crystalline 1 mol% Eu**:YVOs has been
synthesized using the co-precipitation method. Additionally, to improve the crystallinity
materials have been heat-treated at 800 °C. The structural and morphological properties of the
particles were studied using XRD (X-ray powder diffraction) and SEM (Scanning Electron
Microscopy) techniques.

In order to investigate spectroscopic properties of 1 mol% Eu**: YVOu, emission spectra
and luminescence kinetics were measured. It has been found that alkaline pH manifests in
smaller particles in comparison to acidic pH conditions. Additionally, superior spectroscopic

properties present materials obtained also in alkaline pH.

Keywords: Yttrium orthovanadate; Nanocrystallites, Evolution of pH dependence; Luminescence
properties, Eu’ ion doping
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In Figures S1-S4 are presented the size distribution analysis of the materials obtained at
different pH. Synthesis in acidic and neutral pH results in bigger particles than in case of
alkaline pH. Additionally, for the acidic and neutral pH more widespread distribution of sizes
is observed, ranging from 100 nm to 2 um. For the material obtained in alkaline pH (11) size
distribution is narrower and ranges from 40 to 240 nm. Also, for alkaline and acidic pH
thresholds particles present elongated shapes, and for neutral pH particles are more squared.

There is also a linear dependence of width and length with changing size within one material.
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Figure S1. Size distribution analysis based on SEM images of 1 mol% Eu’*:YVO, obtained at pH 4.
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The motivation for the scientific article entitled “Emission Quenching and First Evidence
of Th’*-to-As’* Charge Transfer in Terbium(IIl) Ion-Doped YV As| Oy Solid-State Solution”
was related to the lack of Tb** luminescence in yttrium orthovanadate. It was shown, by G.
Blasse and A. Bril, that upon host excitation Tb*" ions do not emit. [101] Therefore, in this
work YVxA1xO4 system was proposed to determine the quenching of Tb** ions luminescence

in the presence of V°°.

This study aimed to investigate the quenching process of Tb*" ion’s luminescence.
Therefore, yttrium orthoarsenate matrix was diluted with vanadium ions gradually.
The concentration of the dopant was set to 1 mol% Tb*". The only variable was V>* to As>*

ions ratio.

The YVxAs1xOs: 1 mol% Tb**, where x equalled 0.02 to 0.65, materials were obtained
utilizing the co-precipitation synthesis. Observed was a shift of the XRD planes. It indicated
a change of unit cell size by the V>'-As>" substitution. Independent of the V>*/As®* ratio,
the zircon-type continuous solid solution was obtained. SEM and TEM images revealed

nanosized particles with an average size of 39x20 nm.

The focus was put on the analysis of the spectroscopic properties, concerning the
quenching of Tb** ions luminescence. As expected, highest emission intensity was observed
with materials containing low amounts of V>*. As the concentration of V°* ions increased,
the probability of V°" and Tb** ions being close to each other also increased. Noticed was
the gradual decrease of Tb>" ions emission. The concentration of 65 mol% V>" was the limit
at which complete quenching of Tb*" ion luminescence was attained. Luminescence decay
profiles were measured. For V>* > 40 mol%, the behaviour of the profile changed from single
exponential to double exponential. Based on decay times, the quenching rate was calculated.
Excitation emission spectra were collected for the materials. The characteristic to Tb** ions'
region three broad, overlapping bands were noted and assigned to the O-As, the Tb-As, and
the O-V charge transfer transitions. The possibility of the Tb-As charge transfer band was noted
for the first time and assured with performed calculations. The model based on Dorenbos
methodology allowed for the determination of the Tb** ions quenching pathway. It was
proposed that the quenching is directly correlated to adjacent Tb*" and V>* ions and is dependent

on the low energy (= 3.2 eV) Tb-V charge transfer state.

53



In summary the study presented a thorough physicochemical investigation of Y VxAsi-
«04: 1 mol% Tb>" materials, where x = 0.02 — 0.65. By TEM and SEM images, an analysis
of the structure and morphology was presented, revealing the nanometric size of the particles.
Variations in the composition of the solid solution of a small one are directly reflected in
the spectroscopic properties of the materials. Changes in the composition of the solid solution
were directly reflected by the spectroscopic properties of the materials. Applied techniques
allowed for a determination of the Tb®" ions luminescence quenching pathway. The formation

of the new Tb-As MMCT state was noted.
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ABSTRACT: The paper discusses the origin of emission quenching and the

formation of metal-to-metal charge-transfer states in yttrium orthovanadate-

arsenates doped with Tb®* ions. For that purpose, a series of highly .
crystalline yttrium orthovanadate-arsenate nanoparticles (type YV,As;_,O, i .
where x = 2—65 mol %) doped with Tb** ions were prepared using the co-
precipitation method. The structural and morphological properties of the
particles were studied by means of X-ray powder diffraction (XRD),

S G e

transmission electron microscopy (TEM), and scanning electron micros- TEEFRTTT T RL R
copy (SEM) techniques. The photoluminescence spectral and dynamical

a . [ g . . 010 & 015 = 020 x 030 & 040 & 050 1 060 K 065 ->
properties of YV, As; O, doped with 1 mol % Tb”" ions were investigated .
in detail. It was found that the emission quenching is related to changes in
the band gap and Tb*'-to-V°>* metal-to-metal charge transfer. Further, the Tb**-to-As>* metal-to-metal charge transfer was identified

and rationalized based on different models.

1. INTRODUCTION

A large number of research groups are looking for novel,
nanosized, stable chemically and mechanically stable materials
with attractive and distinct spectroscopic properties.' " One of
the materials that have brought an immense interest is YVO,.
The interest is rightful due to the fact that doping with rare-earth
ions like Eu** or Nd**, and/or additionally codoped with s*-type
cations like Bi**, has a number of potential applications, such as
sensors,” fluorescent labels,® display devices,” laser materi-
als,® ' and bioprobes.12’13 However, it is known for long that
doping with Tb®" does not generate any luminescence in
YVO, '*" This phenomenon is ascribed to the formation of a
low-lying Tb*"-to-V** metal-to-metal charge transfer (MMCT)
state that efficiently quenches the otherwise brightly emitting
’D, level. Some 15 years ago, the Tb**:Y(P,V)O, solid solution
was investigated to determine the reason for the total inactivity
of Tb** ions in YVO,,. It was concluded that the intensity of Tb**
ion emission is proportional to the probability that none of the
four metal ion sites of Th*" ion is occupied by V** ion.' Similar
work has been carried out more recently in sol—gel nanosized
Tb*:Y(P,V)O, solid solution and also concluded on the Tb**
ion emission quenching mediated by a low-lying Tb-V CT
state.'” As discussed in earlier studies, the MMCT process is
ascribed as an excitation from the ground state of Tb*" ion to the
bottom of the conduction band of the host, which allows
locating the "F, (4f*) ground state of Th** ion relative to the host
fundamental states.'”'” In YVO,, the bottom of the conduction
band consists majorly of V(3d) orbitals’*~** and features a
relatively narrow band gap of 3.8 €V,”® whereas in YPO,, the

© 2020 American Chemical Society

N 4 ACS Publications

band gap is much larger, up to 9.2 €V, and the P orbitals
contribute very little to the bottom of the conduction band that
has a strong Y(4d) character.””** It comes that the Tb**-to-P**
or Tb**-to-Y** CT, if occurring, has high energy relative to Tb —
V CT.

In the present work, we investigate the emission behavior of
Tb** ion in the nanosized solid solution Y(As,V)O,, where As®>*
ion plays a role similar to that of P** ion in terms of dilution of
the V** ion within the crystal lattice. The essential difference
with the previous report of DeLosh et al.'® is the 3d'° electron
configuration of As** ion that allows 4s orbitals to participate in
the bottom of the lattice conduction band in the mixture with
the Y(4d) orbitals™® with a corresponding band gap of 4.5 eV.*
This potentially permits Tb*"(4f*)-to-As>*(4s”) CT to occur in
the near-UV spectral region, although somehow higher relative
to YVO,, and related vanadium-rich compounds to avoid
quenching of Tb*" ion emission. In this regard, the maximum
concentration of V°* ions that quenches the luminescence of
Tb* ions in YV, As,_,O, solid solution is determined to be 65
mol % and the occurrence of Tb-As MMCT is evaluated by
adapting a model previously established for the Pr**-to-d°
transition-metal CT."®
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Figure 1. Three-dimensional (3D) view of the unit cell representation of (a) YAsO, and (b) YVO,.

2. MATERIALS AND METHODS

2.1. Synthesis Route. Nanosized yttrium orthovanadate-
arsenate doped with terbium ions were prepared by wet
chemical synthesis via co-precipitation method. The concen-
tration of the optically active ions was set to be 1 mol % Tb** for
each material, with respect to the appropriate Y3* molar content.
The V' ions concentration was changed from 2 to 65 mol %
with respect to the appropriate As®* molar content. Analytical
grade Y,0; (99.99% Alfa Aesar), Tb,0,; (99.99% Alfa Aesar),
As,05 (99.5% Sigma-Aldrich), and NH,VO; (99.5% Sigma-
Aldrich) were used as the starting materials.

In this method, stoichiometric amounts of the Y,O; and
Tb,0,, were digested in excess of dilute HNO; to transform
them into nitrate salts. The obtained lanthanide nitrates were
recrystallized three times to get rid of the excess HNO;.
Ammonium metavanadate was dissolved in deionized water.
The arsenic oxide was transformed to arsenic acid with an excess
amount of ultrapure HNO;. Next, H;AsO, and NH,VO,
solutions were mixed and the mixture was added to nitrate
salts solution (Y(NO;); and Tb(NO;);). The reaction was
maintained at a stirring plate for 1.5 h at approximately 100 °C.
The pH of the suspension was adjusted to 8 with aqueous
ammonia. The obtained precipitate was washed and centrifuged
at least thrice to reach the pH value. The as-prepared materials
were dried for 24 h at 70 °C and heated at 800 °C for 3 h to form
crystallized nanoparticles.

2.2. XRD, SEM, and TEM Analyses. The development of
the crystal phase was checked by X-ray diffraction (XRD). The
patterns were collected in the 26 range of 5—120° with an X'Pert
PRO X-ray diffractometer (Cu Ka1, 1.54060 A) (PANalytical).
The XRD patterns were assigned using the Joint Committee on
Powder Diffraction Standards Database (JCPDS) and Inorganic
Crystal Structure Database (ICSD) and then analyzed. Analysis
of the morphology, dispersibility, and size of the materials was
performed using the scanning electron microscope (SEM) FEI
Nova NanoSEM 230 equipped with an energy-dispersive system
(EDS) spectrometer (EDAX PegasusXM4) as well as the high-
resolution transmission electron microscopy (HR-TEM) on a
Philips CM-20 Super Twin microscope.

2.3. Spectroscopic Analysis. Infrared spectra were
measured by a Thermo Scientific Nicolet iS50 FT-IR
spectrometer equipped with an Automated Beam splitter
exchange system (iSS0 ABX containing DLaTGSKBr detector),
built-in all-reflective diamond ATR module (iS50 ATR),
Thermo Scientific Polaris and HeNe laser was used as an IR
radiation source. The infrared spectra were recorded in KBr
pellets at a 4000—400 cm ™" range with a spectral resolution of 2

cm™' at room temperature. The obtained infrared spectra

(Figure S1) are featured in the Supporting Information.
Emission spectra were recorded upon excitation at 380 nm
using a tunable Ti/sapphire laser pumped with the second
harmonic of the YAG:Nd*" pulse laser (f= 10 Hz, t < 10 ns). A
long pass Schott filter (420 nm) was used. The Hamamatsu
PMA-12 photonic multichannel analyzer was used as an optical
detector. All measurements were performed with the fixed
parameters such as the exposure time (200 ms) and the
cumulative amount of measurements (20), finally resulting in an
averaged emission spectrum. The excitation spectra were
collected at room temperature using an FLS980 Fluorescence
Spectrometer from Edinburgh Instruments equipped with a 450
W xenon lamp and a Hamamatsu R928P photomultiplier. The
emission decay profiles corresponding to the *D, — ’Fj
transition of Th** at 548 nm were recorded at room temperature
upon 380 nm excitation using a Tektronix MDO3052 digital
oscilloscope.

3. RESULTS AND DISCUSSION

3.1. Structure and Morphology. The crystal structure of
YXO, (where X = As, V) is tetragonal, ascribed to space group
I4,/amd (no. 141), and offers only one yttrium cationic site for
the possible substitution with rare-earth ions (see Figure 1). The
parameters that characterize unit cells of the compounds are as
follows (see Table 1).

Table 1. Crystallographic Data for Yttrium Orthovanadate

and Yttrium Orthoarsenate®”*®
YVO, YAsO,
cryst. syst. zircon tetragonal zircon tetragonal
space group I41/amd (no. 141) I41/amd (no. 141)
a (A) 7.1183(1) 6.9040(1)
b (A) 7.1183(1) 6.9040(1)
c(A) 6.2893(1) 6.2820(1)
a (deg) 90 90
P (deg) 90 90
7 (deg) 90 90
point-group symmetry Dy, Dy,
coordination no. Y(8); V(4); O(3) Y(8); As(4); O(3)

Moreover, the mixed YV,As;_,O, system doped with Tb**
ions should be in accordance with Vegard’s law as a solid
solution. A similar situation was observed in the case of
YV,P,_,O, and Eu*:YV,P,_ O, that was obtained via the co-

O 29,30
precipitation method.

The formation of crystalline undoped and 1 mol % Tb>'-
doped YV, As,_,O, nanomaterials was followed by XRD
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Figure 2. XRDP patterns of YV,As,_,O, doped with 1 mol % Tb*" ions and heat-treated at 800 °C for 3 h in air (a). Dependence of the lattice plane
(220) shift upon V**/As®* ratio in YV,As,_,O, doped with terbium ions (b).

Figure 3. Size and morphology representation by SEM image (a) and TEM images (b, c) of 1 mol % Tb**:YV, sAs, sO, sample thermally treated at 800

°C.

measurements (see Figures S2 and 2, respectively). All samples
prepared by utilizing wet chemistry techniques showed
detectable crystallinity and purity at all ranges and proposed
sintering temperature at 800 °C. Moreover, a continuous shift of
the (220) plane toward lower 26 angles was observed as an effect
of the cell parameters change induced by the substitution of the
bigger V** (0.355 A at CN 4) cation by smaller one As®* (0.335
A) (see Figure 2b), respectively.

TEM images of the representative 1 mol % Tb**: YV, ;As; O,
sample are shown in Figure 3. After 3 h at 800 °C, we observe
that elongated particles form flat plates with an average size in
the range of 20—40 nm (Figure 4). These observations are in
line with earlier data reported for the nanosized YVO, or YAsO,
systems.31’32

3.2. Spectroscopic Properties. The emission spectra of
the 1 mol % Tb**:YV,As,_ O, (x = 0.02—0.65) are shown in

80
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mean size: 39 + 16 nm
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304
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Figure 4. Particle size distribution designated by TEM images.
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Figure S. The visible lines are ascribed to the characteristic 4f—4f
transitions of Tb> ions.** > The intensity of these lines
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Figure 5. Emission spectra (1. = 380 nm) obtained for 1 mol %
Tb**:YV,As,_,0, thermally treated at 800 °C.

increases sharply up to x = 0.05 and then gradually decreases for
larger values of ¥, i.e., with an increase of the probability that
Tb** ion finds V** ion in its immediate neighborhood to form
the Tb-V MMCT state. Total quenching is observed for x = 0.65
at room temperature. This, in fact, motivated us to interrupt the
solid solution at this content.

This compositional dependence of the emission intensity is
well confirmed by the analysis of the temporal decay of the
’D,-"F5 emission of Tb*" in the solid solution. The compounds
were excited at 380 nm in correspondence with the "Fo—Lg
intraionic transition of Tb*" ions (Figure 6). The decays present

https://dx.doi.org/10.1021/acs.jpcc.0c04668
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Figure 6. Decay time profiles of 1 mol % Tb**:YV,As,_,O, measured for the D, — "Fj transition monitored at 548 nm and pumped with 380 nm

wavelength of the pulse laser.

a single-exponential nature for materials with a concentration of
V** up to 40 mol % and a double-exponential nature above 40
mol % V°* ions. The emergence of the double-exponential decay
profile is directly correlated with a high content of V** ions in the
matrices. It could be explained through the crystal structure non-
uniformity related to two separate phases of the YVO, and
YAsO, in the crystal structure. Minakova et al. have shown that
the peak related to the (220) plane was split. In this case, there
could be indicated the existence of another crystal phase in the
YV As,_,O, matrix.’® Therefore, an emergence of the double-
exponential decay profile could be seen, when such a
phenomenon occurs. The short time component can be
associated with the Tb*:YV,As,_,O, phase in which Tb**
ions are nearby V°* ions as well as As** ions. On the other
hand, the longtime component may come from the Tb*":YAsO,
phase in which Tb** ions are directly coordinated by As** ions.
All values get the millisecond components of the time interval
reproduced in Figure S. The values were obtained by fitting the
decay profiles with exponential functions in Origin software
(Table 2). Decay profiles of the materials containing up to 30
mol % V" were fitted with the single-exponential function

y=y + Ale_(x_xO)/tl (1)
And decay profiles of the materials containing above 40 mol %
V°* were fitted with the double-exponential function

y =g+ A T4 g em )/ @)

where y, is the offset; x, is the center; A}, A, are the amplitudes;
and t,, t, are time constant and coefficient of determination (R?)
at 0.94—0.99. Hence, with an increment of V*' ion
concentration, a shortening of the decay time is observed.

17367

Table 2. Decay Time Dependent on Vanadium Ion
Concentration in the 1 mol % Tb%":YV,As,;_,O, System

V* (mol %) t, (ms) t, (ms)
2 1.96 + 0.01
S 321 £0.01
10 2.11 £ 0.01
15 1.94 + 0.02
20 2.18 +£0.01
30 2.05 + 0.02
40 1.23 + 0.09 0.19 + 0.02
50 0.97 + 0.04 0.14 + 0.01
60 0.84 + 0.01 0.12 + 0.003

Decay times characterize themselves with rises prominent for
each sample except that containing 5 mol % V' ions (Figure
S3). The longest rise is observed for the sample containing 2 mol
9% V°* jons. The presence of the rises may be explained on the
basis of the D, term population by the nonradiative transition’s
occurring from the *Dj term, which is directly populated by the
absorption of the excitation energy (4., = 380 nm) (Figure S3).
Additionally, based on the lifetime profiles, a quenching rate of
the Tb>* emission by V> was calculated. The quenching rate k,
can be calculated using the following formula

11
W ()

where 7 is the decay time with quenching and 7, is the decay
time without quenching. Using values for 5 and 60% samples (7,
=3.21 ms and 7, = 0.84 ms, respectively), quenching rate stands
at k, = 879.
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Room-temperature excitation spectra collected in corre-
spondence with the green *D,—’F emission of Tb*" ions are
presented in Figure 7 for all members of the Tb**:YV,As,_,O,

X v5+, =2 mol% ———5mol% =10 mol%—— 15 mol%—— 20 mol%
' ~30 mol%- 40 mol%—— 50 mol%—— 60 mol%—— 65 mol%

Tb —As, 0* > V¥ CT

"Fg > °Gq

7y 54
Fe - 5Ly
Fe— %Lyo

Intensity [a.u.]
Intensity [a.u.]

350 355 360 365 370 375 30 385 390
K 3 [nm] -

T T T T = . -
250 275 300 325 350 375 400 425

A [nm]

Figure 7. Excitation emission spectra of the YV, As,_ O, doped with 1
mol % Tb** jons annealed at 800 °C.

solid solution. They show the weak 4f—4f transitions of Tb*"
ions in the near-UV spectral region and intense transitions with
f—d and/or charge transfer character below 350 nm.

The origin of these excitation signals depends on the
considered member of the solid solution. As we know since
the work of DeLosh et al., the first critical issue is the probability
for the Tb* ions to find the V* acceptors in its immediate
neighborhood in the YV, As; O, solid solution. In the zircon
crystal structure, this probability is P(x) = 1—(1—x)> Values are
given in Table 3 together with the energy position of the lowest

Table 3. Probability for the Tb** Ions to Find V** Acceptor in
Its Immediate Neighborhood and the Energy of the Lowest
Excitation Band in the Solid Solution YV As,;_ O,

x P(x) (%) energy of the lowest excitation band (eV)
0.02 4 4.14
0.05 10 4.05
0.10 19 3.95
0.15 28 3.93
0.20 36 3.89
0.30 S1 3.87
0.40 64 3.84
0.50 75 3.79
0.60 84 3.77
0.65 88 3.83

excitation band in the compounds. The energy of the lowest
excitation band was obtained by fitting the excitation-emission
curves with the Gauss function in Origin software

A e—Z(x—xc)z Jw*

y =t —=
’ W\E (4)

where y, is the offset, x. is the center of the peak, w is the width,
and A is the area. The coefficient of determination (R?) stands at
>0.99.

Let us start with the compound Tb*":YV; ,As)50,, i-e., the
codoped arsenate YAsO,: 2 mol % V°',1 mol % Tb*" with
negligible interaction between Tb** and V** ions. In the previous
work,”" the fundamental excitation (FE) of the YAsO, host was
located roughly at #255 nm (39 200 cm™’, 4.86 eV) from a low

spectrally defined shoulder. Here, the spectral definition of this
band is much better with a maximum observed clearly at 267 nm
(4.64 eV, see the black curve in Figure 7). This value matches
fairly the 4.5 eV reported in another study.”® Therefore, we
assign this excitation band to host FE, i.e., the 0>~ - As** CT
occurring within the tetrahedrally coordinated arsenate groups.
The presence of this band demonstrates that the Tb** emission
is host sensitized. The second, lower-lying excitation band at
4.14 eV is assignable to 48 — 4f’5d" transitions of Tb>* or/and
to Tb¥*(4f%), As**(3d'%s%) — Tb*(4f), As*(3d'%s!) CT
transition. At present, nothing is known on the occurrence of
Tb** — As®* MMCT in solids and similarly, no direct
information exists on the energy of the Tb**(4f*), V**(3d°) —
Tb*(4f"), V**(3d') CT in YVO,, since the Tb>* ions emission is
quenched in this compound. We tentatively introduce here a
method allowing an estimation of these CT energies by
transposing the Pr’*-to-metal CT model published in another
study’’ to the case of Tb®* ions. This model uses the
methodology developed by Dorenbos through which the energy
levels of divalent and trivalent lanthanides can be positioned
respective to fundamental bands (top of valence band/bottom
of conduction band) of a given crystal lattice (A).>%¥ Following
the Dorenbos’ model, we calculate the vacuum-referred binding
energy of an electron located in the 4f* ('F,) ground state of
Tb*" ion in the lattice (A) in eV using

VRBE(TB™, 4f%, A)
18.05 — U(A
5 — U(A) _u(a)
0.777 — 0.0353U(A)
+ AE(4f%, 4£°) (s)

= —2492 +

where 24.92 eV is the third ionization energy of europium as a

__1805-UA) ¢ the chemical shift,** U(A) is the
0.777 — 0.0353U(A)

Coulomb repulsion energy associated with lattice (A)
determined within an accuracy of &+0.1 eV as the binding
energy difference between the Eu** (4f) and Eu®* (4f°) ions
ground states*' ™* and AE(4f%, 4f°) is the energy separating 4f°
and 4f° ground states of Tb** and Eu’* ions. This value was
estimated at 3.58 eV in'”** but recently revised in*”*° to a value
amounting 3.4 eV, which we will retain here. Following the
methodology described in another study and adapting it to
Tb***” the absolute value of VRBE(Tb*, 45, A) is connected
with the Tb** — M"* CT energy according to

free atom,

MMCT(TE" — M"*, A)

Topy (M™T)

3+ 08
VRBE(Tb™, 4f%, A) — k(A) v S
where ycn/(M™) is the electronegativity of the metal cation M™*
with coordination number CN’ in the crystal lattice as calculated
in a previous study,” k(A) is a lattice-related parameter, and
d(Tb**-M™) is the shortest distance between the cations,
corrected from ionic radii mismatches between Tb*" and its
doping site in the crystal lattice. Taking A = YVO,, we have
24(V**) = 2.46, the electronegativity of tetrahedrally coordi-
nated V>* as picked up in the previous study,*® d(Tb**-V>*) =
3.155 A and k(YVO,) = 5.73 eV.”” Using U(YVO,) = 7.0 eV,”’
we calculate VRBE(Tb** 4f%, YVO,) = —7.67 eV from eq 5 and
MMCT (Tb**-V**, YVO,) = 3.2 eV from eq 6. This value
matches well the energy level scheme published in a previous
study.”” This very low position of the Tb-V CT state accounts
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for the quenching of the Tb*" ion emission in YVO,. The
situation is more complex for YAsO,, essentially because the
spectroscopy of trivalent lanthanides is very poorly documented
in this compound, except for Eu**.*****’ In particular, the
absence of information pertaining to f—d transitions of Ce*" ions
prevents calculating the energy of the lowest spin-allowed 4f* —
4f5d" transition of Th** ions in this lattice via the redshift model
of Dorenbos.*"** This issue remains therefore open. In this
context, we will concentrate on the possibility of a Tb**-to-As**
CT in this compound. The use of eqs 5 and 6 requires the
determination of U(YAsO,) and k(YAsO,); d(Tb**-V**) =
3.155 A is obtained from ICSD 24513 standard card of YAsO,
and y,(As**) = 2.5 is picked up from the previous study.*
U(YAsO,) can be estimated following a concept introduced by
Dorenbos in the previous study”’ and reused latter in,””** which
establishes a connection between U(A) and the average
electronegativity y,,(A) of the lattice (A) defined as

Zi niZi){i

Zi nz;

where 7, is the number of cations of type i with charge Z; and
electronegativity y;. Using the electronegativity scale of Li and
Xue,*® we calculate y, (YVO,) = 2.03 and y,,(YAsO,) = 2.04.
The similarity of the values prompts us to consider in the first
intention that U(YAsO,) = U(YVO,) = 7.0 eV. It should be
noted that the value y,,(YVO,) differs a bit from that published
by Dorenbos et al.,*® which used Pauling electronegativities. The
value of k(YAsO,) is yet impossible to determine by means of
empirical approaches as it was done in the previous study”” due
to the lack of experimental optical data pertaining to Pr** or Tb**
in arsenates. However, we can try a direct estimation of this value
considering that k(A) in eq 6 is analogous to a Coulomb
144
m;
where ¢,(A) is the real part of the dielectric constant of
compound (A) in a spectral region corresponding to the UV
excitation band that is suspected of CT origin, i.e., #+4 eV. We
found &,(YAsO,) ~ 3.4°" (JVASP-10202), which gives
k(YAsO,) =~ 4.2 eV A. Introducing all of the required data in
eq 6 gives a Tb**—As>* energy of 4.33 eV in Tb*":YAsO,.
Considering the values given in Table 3, this result looks
relevant. We therefore conclude that the lower-lying excitation
band in the As-rich part of the Tb**:YV,As,_,0, solid solution
contains a Tb*>* — As>* CT contribution, possibly mixed with
Tb f—d transitions, although this could not be assessed in the
present work. As evidenced in Table S1, the increase in V°*
content does not modify the Tb-As/V distances significantly.
This means that the Tb*>* — As>* CT almost keeps its energy;
only the probability of forming that CT state diminishes. In
parallel, a second excitation band grows up to the low-energy
side. The energy position of this band (~3.8 eV) matches 0>~ —
V3* LMCT within the isolated (VO,)*~ groups22 and is ascribed
accordingly. This band attests to the occurrence of (VO,)* -to-
Tb>" energy transfer. Concomitantly, the progressive increase of
the probability of having a V atom in the immediate vicinity of
Tb atoms results in the formation of the Tb**-to-V>* CT state at
~3.2 eV, which quenches the Tb*" ion emission. The
corresponding situation is sketched in Figure 8 for the end
members of the Tb>*:YV,As,_,O, solid solution.

2, (A) =
(7)

constant and therefore writable in units of eV A ask(A) =

17369
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Figure 8. Scheme of energy levels in the YV, As;_,O, system.

4. CONCLUSIONS

The terbium-doped YV, As;_,O, system (0 < x < 0.65) has been
synthesized as pure tetragonal nanocrystals using a co-
precipitation synthesis route. The detailed study of yttrium
orthovanadate-arsenate structures presented complete crystal-
lization and was confirmed by X-ray diffraction and Rietveld
analysis. It has been found and described in detail the regularity
with observed structural and spectroscopic measurements.

Moreover, the designed physicochemical experiments have
allowed unambiguous determination of the spectroscopic
properties, such as emission, excitation, and luminescence
kinetics. The presented measurements and calculations allowed
a clear inference and thus proposing the basic information
concerning Tb**—V*~ quenching and formation of Tb**-to-As**
metal-to-metal charge transfer (CT) state. Furthermore, the
main reasons for the quenching occurrence are both very low
position of the Tb-V CT state and directly influenced by the
variation of the band gap.
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Figure S1. Fourier transform infrared (FT-IR) spectrum of yttrium orthovanadate-arsenate powders.
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The infrared spectra of the obtained samples (300 K) are presented in Figure S1. The
broad bands at 3500 cm™!' and 1643 cm™! are attributed to the stretching and bending vibrations
of O-H group of H,O molecule, respectively 2. The FT-IR spectra of yttrium orthovanadate-
arsenate structure are characterized by two spectral regions, from 950 cm! to 750 cm! and from
550 cm! to 400 cm’!, respectively. The interpretation of bands related to vanadate and arsenate
groups is difficult due to their similarity. Consequently, the bands in the region from 866 to 870
cm! could be assigned to symmetric-stretching modes of O-V-O and asymmetric-stretching
modes of As-O groups. This phenomenon occurs also at 835 cm! where are located lines
corresponded to symmetric-stretching modes of As-O band and asymmetric-stretching modes
of O-V-O mode 3. In the lower frequency region the bands at 496 cm!, 456 ¢cm! and 410
cm! are assigned to antisymmetric bending of O-V-O groups ¢ as well as of As-O band 7. The
infrared spectra clearly confirm presence of vanadate and arsenate group in assumed yttrium
orthovanadate-arsenate structure. Lines corresponded to both groups are observed. The
intensity ratio between maximum at 835 cm™! and at 866 cm™! is changed by modification of
vanadate group amount. This regularity is also observed in the lower frequency region.
Decreasing of the intensity of band at 456 cm! is caused by increasing of vanadium

concentration.
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Figure S2. Diffraction data for un-doped matrices of YVO,, YV, As;O4and YAsQO, in comparison to
standard ICSD patterns (a) and the dependence of the lattice plane (2 2 0) on shift (b).

Table S1. Unit cell parameters (a,c), cell volume (V), crystallite size as well as refine factor (R,,) for
Tbo.o1Yo.99 ViAS <O, prepared at 800 °C as a function of V3* ion concentration.

Tbooi1 Y099 ViAsixOs  a(A) c(A) V(A3) Grainsize (nm) R, (%) Y-As/V Duin (A)
x=10.02 7.0329 6.2847 310.85 14.99+0.01 1.38 3.1398
x=0.05 7.0507 6.2910 312.74 15.51+£0.01 1.34 3.1424
x=0.10 7.0544 6.2927 313.15 15.57+0.01 1.20 3.1432
x=20.15 7.0619 6.2917 313.77 19.67+0.01 1.14 3.1433
x=0.20 7.0676 6.2938 314.38 21.56+0.01 1.30 3.1438
x=0.30 7.0737 6.2930 314.88 19.90+0.01 1.50 3.1434
x =040 7.0775 6.2941 315.28 24.66+0.01 1.26 3.1439
x=0.50 7.0869 6.2958 316.20 24.31+0.01 1.76 3.1422
x=0.60 7.0926 6.2937 316.60 22.74+0.01 1.12 3.1412
x=0.65 7.0963 6.2955 317.03 22.97+0.01 1.49 3.1415
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Figure S3. Rise time dependent on the vanadium concentration.
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The motivation for the scientific paper entitled “Influence of vanadium concentration on up-
conversion luminescence in EX*-Yb>" and Tm**-Yb>" ions pair co-doped YV POy solid state
solution” was related to the desire to analyse the effect of continuous solid solution structure

on up-conversion mechanisms.

The study was aimed to investigate an influence of YVxP1xOs (x = 0.3, 0.4, 0.5, 0.6,
0.7) solid state solution on up-conversion processes in two different type of up-converting ion
pairs, Er**-Yb** and Tm>*-Yb**. Concentration of co-dopants was set to 1 mol% Er**, 20 mol%

Yb*" and 0.25 mol% Tm>*, 20 mol% Yb**.

For that purpose, a series of yttrium orthovanadate-phosphate continuous solid solutions
was obtained via co-precipitation synthesis route. By changing the V>*-P>" ratio a shift of XRD
planes towards smaller angles was observed. Additionally, broadening of XRD peaks
with increasing P>* amount was noted. The broadening of the XRD peaks is related to the ionic
size mismatch between the V°* and P°" ions, resulting in defects in the crystallographic
structure. The SEM images showed that V> rich materials are bigger with better defined

particle shape, while being less agglomerated in comparison to P>* rich materials.

Spectroscopic properties of YVyPixOs: Er**-Yb*" and Tm?**-Yb** were investigated
through measurements of emission and dependence of the emission intensity on laser pump
power. In emission spectra for YVxP1xO4: Er¥*-Yb*" observed are characteristic to Er** ions
emission lines. The transitions with the highest intensity are the H;1> — *I;s,> and the “S3, —
“I;5/2. In these materials, a Tm>" ion contamination was noted. In emission spectra for YVPi.
«Os: Tm**-Yb** noted are characteristic Tm** ions emission lines. The highest intensity
transition is the H; — *Hjs. For all the solid solutions the power dependence of emission
intensity on the laser pump power was measured and calculated. The measurements were
carried out for a wide range of the laser power, allowing for the number of photons required for
the process to be estimated. Measurements allowed for the processes in the materials to be

proposed. The up-conversion processes are indicated in the energy diagram.

In summary the co-precipitation synthesis route led to obtaining Y VxP1xOs solid
solutions. Based on the conducted spectroscopic measurements the up-conversion processes
involved in the emission of Er’*" and Tm>" ions were proposed. The ETU, ESA, cooperative
sensitization and cross-relaxation mechanisms are described in detail in the paper. The
dependence of Er*" ion emission on matrix composition was noted. For materials rich in P>*

ions, a change in the intensity of individual 4/-4f transitions was observed.
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The paper is focused on an influence of vanadium ions on the up-conversion processes in nanosized
YV,P1-x04 solid state solution. As a consequence, two series of YV,P;_xO4 (Where x = 0-1) materials has
been obtained via co-precipitation method. Yttrium orthovanadate-phosphate has been co-doped with the
up-converting Er**-Yb*" and Tm>*-Yb®* lanthanide ion pairs. Obtained series of nanosized materials has
been investigated for phase purity, chemical composition, morphology by the means of X-Ray Powder
Diffraction (XRD) and Scanning Electron Microscope (SEM). Photoluminescence properties of 0.25 mol%
Tm>*, 20 mol% Yb**:YV,P;_,0,4 (x = 0, 0.3, 0.4, 0.5, 0.6, 0.7, 1), and 1 mol% Er>*, 20 mol% Yb>**:YV,P; O,
(x=0,0.3,04, 0.5, 0.6, 0.7, 1) were investigated in detail. It has been found that increase of the vanadium
content leading to better up-conversion luminescence.

© 2021 The Author(s). Published by Elsevier B.V.
CC_BY_NC_ND_4.0

1. Introduction

Recently, rare earth doped and co-doped yttrium orthooxides
have attracted an astonishing interest and have been investigated as
phosphors for UV, Vis, and NIR excitations. The interest of YXO,
(where X = As, Cr, P, V) is related to physicochemical properties such
as high-temperature stability, resistivity to photo degradation, in-
solubility in water [1]. Among the extensive studies of the YXO,4
matrices it was also investigated for occurrence of up- and down-
conversion processes [2-10]. Although, to the best of our knowledge
up-conversion processes in the mixed YV,P;-,04 solid solutions have
not been investigated.

Yttrium orthovanadate as well as yttrium orthophosphate crys-
tallize in the tetragonal system and are ascribed by I4;/amd space
group [11,12]. Moreover, yttrium orthovanadate is isostructural to
yttrium orthophosphate. Therefore, a solid-state solution with gen-
eral formula YVxP1-x04 may be obtained. The unit cell is built out of
the yttrium octahedral and vanadium tetrahedral, which is statisti-
cally substituted by phosphorus tetrahedral groups. Yttrium ions are
also substituted in a statistical manner, when doped or co-doped
with lanthanide ions (i.e., Tm>*, Er>* and Yb>* ions).

* Corresponding author.
E-mail address: r.wiglusz@intibs.pl (R.J. Wiglusz).
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Up-conversion (UC) processes are based on the energy conversion
from low energy (IR, NIR) to the higher energy (UV, Vis). F. Auzel [13]
has compartmentalized UC processes into six different processes: ESA
(Excited State Absorption), APTE/ETU (Addition de Photon par Trans-
fers d’Energie/Energy Transfer Up-conversion), cooperative sensiti-
zation, cooperative luminescence, second harmonic generation (SHG)
and 2-photon absorption excitation. Although, the quantum efficiency
(QE) of the up-conversion processes is relatively low, ETU and ESA
processes present highest quantum efficiency out of the mentioned
processes [13].

This paper is focused on an investigation of the up-conversion
processes that are influenced by concentration of vanadium ions in
YV,P;-x04 matrix. The concentration of the vanadium ions is in the
range of 0 < x < 1 in respect to the appropriate phosphorus molar
content. Moreover, two pairs of co-dopants related to Tm**-Yb** and
Er**-Yb3* ions were used. In both cases, 20 mol% Yb3* ion was chosen
as a sensitizer and 0.25 mol% Tm>" as well as 1 mol% Er>* ions were
chosen as activators. The series of 0.25 mol% Tm3*, 20 mol%
Yb3*:YV,P; 404 (Where x = 0, 0.3, 0.4, 0.5, 0.6, 0.7, 1) and 1 mol% Er>*,
20 mol% Yb*":YV,P;_,04 (where x = 0, 0.3, 0.4, 0.5, 0.6, 0.7, 1) sam-
ples were obtained via co-precipitation synthesis method and
thereafter heat-treated at 800 °C for 3 h.


http://www.sciencedirect.com/science/journal/09258388
https://www.elsevier.com/locate/jalcom
https://doi.org/10.1016/j.jallcom.2021.161022
https://doi.org/10.1016/j.jallcom.2021.161022
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jallcom.2021.161022&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jallcom.2021.161022&domain=pdf
mailto:r.wiglusz@intibs.pl
https://doi.org/10.1016/j.jallcom.2021.161022

M. Wujczyk, A. Watras, K. Szyszka et al.

Table 1
Crystallographic data for yttrium orthovanadate and yttrium orthophosphate [14,15].
YVO4 YPO4
cryst. syst. zircon tetragonal zircon tetragonal
space group 14/amd (no.141) 14;/amd (no.141)
a (A) 7.1183(1) 6.8947(6)
b (A) 7.1183(1) 6.8947(6)
c(A) 6.2893(1) 6.0276(6)
a(°) 90 90
B(°) 90 90
v (%) 90 90
point-group symmetry Dyp Dan
coordination no. Y(8); V(4); 0(3) Y(8); P(4); O(3)

2. Experimental
2.1. Synthesis

Nano-sized yttrium orthovanadate-phosphate doped with ytter-
bium-thulium and ytterbium-erbium ions were prepared by wet
chemical synthesis via co-precipitation method. Concentration of
the optically active ions was set to 0.25 mol% Tm>*, 20 mol% Yb>* and
1 mol% Er3*, 20 mol% Yb3* for each material, in respect to the ap-
propriate Y>* molar content. The V°* ions concentration was changed
from 30 to 70 mol%, respective to the appropriate P>* molar content.
Analytical grade Y,0s3 (99.99% Alfa Aesar), Tm,03 (99.99% Alfa
Aesar), Yb,03 (99.99% Alfa Aesar), Er,Os; (99.99% Alfa Aesar),
(NH4),HPO,4 (>98% ACROS Organics) and NH4VO;3; (99.5% Sigma-
Aldrich) were used as the starting materials.

In this method, stoichiometric amounts of the lanthanide oxides
were digested in an excess of 65% HNOs (about 2 ml; Suprapur®
Merck) to transform them into nitrate salts. The obtained lanthanide
nitrates were re-crystallized three times to get rid of the HNO3 excess.
Ammonium metavanadate and diammonium phosphate were dis-
solved in deionized water separately. Next, (NH4),HPO, and NH4VO3
solutions were mixed and thereafter nitrate salts solution was added
(Y(NOs)3, Tm(NO3)s, Yb(NO3)s and Y(NOs)s, Er(NOs)s, Yb(NOs)s).
Reaction (about 150 ml) was maintained at a stirring plate for 1.5 h at
approximately 70 °C. The pH of the suspension was adjusted to 9 with
aqueous ammonia (25% Avantor Poland). The obtained precipitate
was washed and centrifuged at least thrice to reach neutral pH value.
The as-prepared materials were dried for 24 h at 70 °C and heat-
treated at 800 °C for 3 h to form crystallized nanoparticles.

a) 3 .

-
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o: W N
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2.2. XRD and SEM analysis

The development of the crystal phase was analysed via X-ray
diffraction (XRD). The diffractograms were collected with an X'Pert
PRO X-ray diffractometer (Cu Kal, 1.54060 A) (PANalytical). The XRD
patterns were assigned to standard patterns from Inorganic Crystal
Structure Database (ICSD) and thereafter analysed. Analysis of the
size and morphology, as well as dispersibility of the YV,P-y04 was
performed on the SEM (Scanning Electron Microscope) FEI Nova
NanoSEM 230 equipped with an EDS spectrometer (EDAX
Genesis XM4).

2.3. Spectroscopic analysis

Emission spectra were recorded upon 980 nm excitation with
diode laser (CW) at 300 K. A Schott KG5 and THORLABS FESH0850
were used as filters. For the measurements of up-conversion emis-
sion of 1 mol% Er**, 20 mol% Yb3*: YV,P;_.O, only THORLABS
FESHO0850 filter was used. Two filters were used for up-conversion
emission of 0.25 mol% Tm?*, 20 mol% Yb**: YV,P;_,04. THORLABS
FESHO0850 filter does not fully transmit in 450 - 500 nm spectral
region. Schott KG5 filter transmits in 450 - 500 nm but not in 600 -
800 spectral regions. Therefore, the presented emission spectra of
0.25 mol% Tm>*, 20 mol% Yb>*: YV,P;_,O4 are compiled from two
measurements preformed on the same setup, varying only on ap-
plied filter. The Hamamatsu PMA-12 photonic multichannel analyser
was used as an optical detector. Power dependence of the up-con-
version emission intensity was performed for a wide range of laser
pump power 0.05-1.4 W, while excited upon 980 nm at 300 K. Data
was fitted in respect to the following formula:

Ni ~ P, (1)

where P - absorbed pump power, n - number of sequentially ab-
sorbed photons, N - population density of i state.

3. Results and discussion
3.1. Structure and morphology
The crystal structure of YXO4 (where X = P, V) group of com-

pounds is tetragonal with space group I4;/amd (No. 141), with only
one cationic site for yttrium, which is substituted by rare earth ions

Fig. 1. 3D view of the YPO,4 (a) and YVOy4 (b) unit cells.
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Fig. 2. X-ray diffraction patterns (a), 2theta shift (b) and (c) centered peak for bandwidth analysis, obtained for 0.25 mol% Tm>*, 20 mol% Yb>*:YV,P;_0O4 thermally treated at
800 °C for 3 h.
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Fig. 3. X-ray diffraction patterns (a), 26 shifts (b) and (c) centered peak for bandwidth analysis, obtained for 1 mol% Er3*, 20 mol% Yb**:YV,P;_,0, thermally treated at 800 °C
for 3h.
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Fig. 4. SEM images obtained for 1 mol% Er**, 20 mol% Yb>*:YV,P;_,04 thermally treated at 800 °C for 3 h.

(Tm3*, Er>*, Yb®"). Unit cell parameters of the YVO, and YPO, are
listed in Table 1.

As it was already presented in the case of YV, P;4O, and
Eu":YV,P;_,0, obtaining the solid solution via co-precipitation
method is possible [16,17]. Therefore, the YV,P;_4O4 system co-
doped with up-converting ions (Tm>*, Er?*, Yb>*) should also be in
accordance with the Vegard’s law for solid solutions.(Fig. 1).

The formation of pure crystal phase of YV,P;-O4 solid solution was
affirmed by the means of X-ray powder diffraction measurements (see
Fig. 2 and 3). Crystal phase purity was obtained for the heat-treated
materials differing in vanadium to phosphor ratio and in co-dopants
(0.25mol% Tm3*, 20mol% Yb*>" and 1mol% Er’*, 20mol% Yb>*). A
continuous shift of the planes towards lower 26 angles was observed
and this is a confirmation of the unit cell parameters change. The

change is forced by the substitution of the bigger V>* (0.36 A at C.N. 4)
cation by smaller one P>* (0.17 A at C.N. 4) (see Fig. 2b and 3b). Dif-
fraction line broadening is observed for the solid solutions, when
compared to the YPO, and YVO, matrices obtained at the equivalent
synthesis conditions (see Fig. 2¢ and 3c). Broadening of the diffraction
lines can possibly be a consequence of the lattice strain in the crystal
lattice [18] and P°* ions are substituted by V°* ions. The strain may
originate from the ionic size incompatibility between V°* and P>* ions.
The lattice strain can be associated with the grain-interior dislocations
[19], grain-boundary dislocations [20| and excess volume of grain
boundaries (vacancies, vacancy clusters) [21]. Similar broadening of the
XRD lines for YV,P;-¢xO4 solid solution was observed by Nguyen H.D.
et al. [22], were investigated materials were doped with bismuth and
europium ions. Therefore it may be concluded that, the change of the

Fig. 5. EDS maps obtained for 1 mol% Er3*, 20 mol% Yb3*:YV,5Po504 thermally treated at 800 °C for 3 h.
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diffraction lines width is not dependent on co-doping ions, but rather
on the ionic radii mismatch between P°>* and V°.

SEM images are presented for the representative 0.25 mol% Tm>",
20 mol% Yb3**:YV,P;_.0, material series, each thermally treated at
800 °C for 3 h (Fig. 4). Materials with low vanadium concentration
have smaller and more agglomerated particles. On the contrary, the
material with highest vanadium concentration presents less ag-
glomerated and bigger particles with pellet or spindle like mor-
phology. EDS maps (Fig. 5) present distribution of the ions in the
representative 0.25 mol% Tm>", 20 mol% Yb>*:YV 5P 50, material’s
particles. Constituents are distributed evenly in the matrix structure
and no conspicuous aggregation of the dopants is observed.

3.2. Spectroscopic properties

Up-conversion emission spectra of the 0.25 mol% Tm>*, 20 mol%
Yb3*:YV,P;_4O4 and 1 mol% Er3*, 20 mol% Yb3*:YV,P;_O4 are shown
in Fig. 6 and Fig. 7, respectively. Emission spectra obtained for the
materials containing Tm>* and Yb>* ions present visible transitions
at around 473 nm, 645 nm, 660 nm and 800 nm, ascribed as the G,
- 3Hg, 1G4 » °Hy, °F, > 3He, Hy » >Hs Tm>" f-f transitions, respec-
tively. The material with the highest emission intensity is 0.25 mol%
Tm>*, 20 mol% Yb>**:YVO, and the material with the weakest is

62;0

760 770 780 790 800 810 820 830 840 850
# [nm]

séo séo 6';'0 680

7 [nm]

640

6. Emission spectra of 0.25 mol% Tm>*, 20 mol% Yb3*:YV,P,_,0, under 980 nm excitation in room temperature.

0.25 mol% Tm>*, 20 mol% Yb>*:YPO,. Intensity of the emission stea-
dily increases with the increase of vanadium ions concentration in
materials. No change in the shape of the transition bands was ob-
served. No additional emission was recorded. No other evident in-
fluence of vanadium was observed than the emission intensity
enhancement when introduced to the YPO,4 matrix.

Up-conversion emission spectra obtained for the 1mol% Er**,
20 mol% Yb>* material series, while excited under 980 nm at 300K,
present characteristic emission lines of erbium ions. The emission
lines observed at 525 and 547 nm are attributed to the ?Hy» - “I1s/2
and “S3;; » ;55 transitions of Er** ions (sensitizer), respectively.
Emission at around 650 nm is assigned to the 4F9/2 - 41,5/2 transition.
Emission observed at 820 nm, 830 nm and 849 nm is associated with
the 4F7/2 nd 4111/2, 2H9/2 e 4111/2 and ZH”/Z e 4113/2 transitions within
erbium ions. Intensity of the emission simultaneously increases with
the increase of vanadium ions concentration in materials.
Additionally, the share of the respective transition bands changes in
reference to the total emission, this relation is presented in Fig. 8.

With an increase of vanadium concentration in solid solution, a
contribution of the 4F9/2 - 4115/2 transition band decreases in favor of
both the 2Hyy» - “Iis;> and “Szj2 —» “I;52 transition bands (see Fig. 8).
Additionally, solid solutions differ in emission band shapes. The
difference is prominent in materials with marginal values of the
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Fig. 7. Emission spectra of 1 mol% Er’*, 20 mol% Yb**:YV,P;_,0,4 under 980 nm excitation at room temperature.

vanadium concentration (30 mol% V>* and 70 mol% V>*). The “Fo,
5> transition contribution changing with increasing P°* con-
centration may be caused by the occurring cross-relaxation (CR)
processes. Population of the “Fy, level is directly corelated with CR
processes and its happening is dependent on the distance between
two adjacent Er®* ions in crystal lattice. In case of YV,P;_404 the unit
cell size visibly changes, where YPO, unit cell size being much
smaller than YVO, due to different ionic radii of P>* and V°*.
Therefore, the distance between two Er>* ions in material containing
low concentration of vanadium is shorter, hence it may be direct
cause behind the increase in the intensity of the *Fg, - “I;5/, tran-
sition.

The intensity of the up-conversion process increases with the
increase of vanadium ions concentration in both Er/Yb and Tm/Yb
co-doped materials. This means that vanadium ions have positive
impact on emission intensity, independently on the used pairs of
upconverting ions in this material. Moreover, the shape of particular
transitions as well as the ratio of particular transition is influenced
by vanadium ions concentration and is much more visible in case of
Er/Yb ions pair.

A double logarithmic dependence of the integrated intensity
versus laser pump power was investigated for each up-converting
ions pair (Figs. 9, 10). Measurements were performed in a wide range
of the laser pump power 0.05 - 143 W. Power dependence (PD)
functions were determined for the ?Hyyy, S/, *Fopo— “Iisj» transi-
tions and for the G, 3H; - 3Hg transitions for each material. Ac-
cording to the equations described by M. Pollnau (Eq. 1), the amount
of photons needed for the up-conversion process can be estimated
from the slope of the PD function [23]. Estimated number of photons
is marked with the symbol n and is listed in inserted table in Figs. 9
and 10 for every material. Linear nature of the power dependence’s
function slope is reaffirming domination of the up-conversion pro-
cesses over the linear decay from the indirect excited states. The
1mol% Er**, 20 mol% Yb**:YV,P;_,04 (Fig. 9) independently on the
vanadium concentration yielded n value equal to 2. Therefore, the
two-photon nature behind population of the Fo, 2H;/2 and “Ss
states is confirmed. The 0.25mol% Tm>*, 20 mol% Yb3*:YV4P;_O4
(Fig. 10) independently on the vanadium concentration yielded n
value equal to 2 for the 'G, » 3Hg and >H, » 3Hg transitions. Based on
power dependence functions presented in Fig. 10b, it can be
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suggested that population of the G, state involves absorption of the
two subsequent photons. Although, in order to populate the G,
state, three photons need to be subsequently absorbed, when excited
under 980 nm [24]. Decrease of the n value to 2 can be explained by
the increase of the energy transfer rate from the sensitizer Yb3* to
the activator Tm>* and additional contribution of the cooperative
sensitization process to populate Gy, via Yb**-Yb>* to Tm>* energy
transfer [25,26]. Possible pathways for the population of the G,
state are given in Fig. 10.

The energy levels schemes in Fig. 11 and Fig. 12 shows the pro-
posed model pathway for up-conversion processes occurring be-
tween Tm>*-Yb** and Er**-Yb®*' ions in YV,P;_.O, solid state
solution. Proposed pathways concern a series of YV,P;_,04 materials
due to the fact related to emission spectra (Figs. 6 and 7) only vary in
respective intensities and no additional f-f transition bands are
found. Excitation wavelength is directly resonant with the sensiti-
zer's (Yb>") large absorption cross section, its energy can be trans-
ferred to the activators (Tm>*, Er**) with ease [27-29].

Within materials co-doped with 0.25mol% Tm>* and 20 mol%
Yb®* the process proceeding the ETU is Ground State Absorption
(GSA), marked with black, solid arrow in the Fig. 11. Energy Transfer

Up-conversion (ETU) process between the sensitizer (Yb®") and the
acceptors (Er** and Tm>*) is marked with black, bended arrows in-
sinuating energy transfer from the sensitizer to the acceptors. Po-
pulation of the Tm>* upper levels is preceded by energy transfer
from Yb>" ions in the thulium-ytterbium co-doped materials. Al-
though, the population of the 3F, level is more complex. The 3F, level
can be populated via two possible pathways by the non-resonant
ground state absorption of initial light (black, solid arrow), followed
by non-radiative relaxation to the 3Hs, further depopulated to the
3F,. Additionally, the 3F, is populated by the non-resonant energy
transfer (black, bended arrow) from the pumped 2F5/2 level in Yb>*
ion to the *Hs state in Tm3* ion and later, depopulated to the F,.
Further, the 3F, state is populated by the non-resonant energy
transfer from the 2F5/2 level (Yb3*), then followed by emission to the
ground state (°F, - >Hg at 660 nm) or by non-radiative relaxation to
the 3H,. After that emission may be observed at 798 nm (°H, - 3Hg).
Subsequently, the 'G, level may also be populated by the non-re-
sonant energy transfer from the “Fs, level (Yb**). Two emission
bands are observed from the G, level, first associated with the ‘G4 -
3He transition at 473 nm and second associated with the ‘G, - 3F,
transition at 647 nm. Cooperative sensitization up-conversion is
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1 mol% Er®*, 20 mol% Yb**:YV,P,_,0, measured with FESH0850 filter at 300 K.

marked with pink, dashed, bended arrows, showing energy transfer
from two separate Yb>* sensitizer centers. Possible pathway for the
G, level population is via cooperative sensitization process, which
relies on direct and simultaneous energy transfer from two Yb>" jons
excited to the 2F5/2 level. Therefore, population of the G, level can
originate from subsequent absorption of two photons. Cooperative
sensitization between Yb**-Yb®** — Tm>* has been proposed to be
responsible for the population of the G, level [25,26,30].

Within materials co-doped with 1 mol% Er** and 20 mol% Yb3*
the process proceeding the ETU and ESA is Ground State Absorption
(GSA), marked with black, solid arrow in the Fig. 12. Excited State
Absorption (ESA) is marked with orange, dashed arrow and occurs
within erbium ions causing excitation of the higher states (i.e., *F»)
from the first excited state (4111/2). In erbium-ytterbium co-doped
materials, population of the Er>* upper levels is more complex, than
in case of Tm>*, and involves: energy transfer up-conversion (black,
dashed, bended arrows), excited state absorption (orange, dashed
arrow) and cross-relaxation (yellow, dotted arrows). The preceding
process for excited state absorption is ground state absorption
(black, solid arrow), which leads to populating the 4115/2 level. Ex-
citation to the upper *F7j, level within Er** ion is caused by the
absorption of subsequent photon. Further, the “F;; level is

depopulated via non-radiative relaxation to the ZHH/Z level, emis-
sion to the ground state may be observed at 523 nm or non-radiative
relaxation of the 2Hy;; level may lead to populating next lower lying
the “S3); level. The *Ssj, — “Iys), transition is associated with emis-
sion at 547 nm. The 4F9/2 level is populated by the cross-relaxation
processes (yellow, dashed arrows) between two erbium ions [31].
Cross-relaxation is a process of non-radiative energy transfer be-
tween two adjacent ions of the same element (herein Er**). One ion
lowers its excitation energy by depopulating to a lower excited state,
this energy is transferred to other ion leading to population of its
higher states. In the scheme marked with yellow, dotted arrows. The
cross-relaxation process causes quenching the luminescence of one
kind of ions [32]. Energy transfer related to up-conversion in Er**-
Yb>* (black, dashed, bended arrows) pairs is involving a non-re-
sonant energy transfer from excited sensitizer center (the 2F5/2 level
of Yb®*) to the “I;;;» level in Er®". Second non-resonant energy
transfer from the 2Fs/, level (Yb**) is leading to population of the *F,
5 level in Er¥* and non-radiative relaxation to the 2Hj; 2 level.
Emission to the ground state (ZH”/Z -9 15/2, 523 nm) or non-radiative
relaxation may occur and lead to populating the lower lying 453/2
level and further, radiatively relax to the ground state (453/2 - 15/2»
547 nm).
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4. Conclusion

The thulium-ytterbium and erbium-ytterbium co-doped yttrium
orthovanadate-phosphate system (YVyP;-x04, 0< x<1) has been syn-
thesized via co-precipitation method. Applied synthesis route leads to
obtaining pure tetragonal nanocrystals. Analysis of yttrium orthova-
nadate-phosphate system’s crystal phase purity, morphology as well as
spectroscopic properties were studied extensively. The regularity in
spectroscopic and structural properties of solid solutions (YVyxP1-x04)
associated with changing vanadium concentration has been described
in detail. An influence of vanadium(V) concentration on up-conversion
processes was characterized by performed measurements.
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The motivation for the study entitled “Emission Enhancement and Energy Transfers
in YVy.5Po.504 Nanoparticles Codoped with Eu*" and Bi** ions” was related the need to further
investigate disordered solid solution system, and its influence on energy transfers occurring

between RE>" and s ions.

The study aimed to analyse the impact of disordered structure on the luminescence and
occurring energy transfers. The Eu** ions were used as the RE>" ions, due to their ability to be
applied as a luminescent probe. [102] The Bi** ions were used as the s? type ions. Bismuth ions
are often used as an activator in YVOj systems causing an indirect enhancement of Eu*" ions.

[103]

The solid-state solutions of YVosPosOs were obtained through co-precipitation
synthesis method. The crystal phase purity and elemental composition of the materials were
determined using XRD and ICP-OES techniques. A narrowing of the XRD peaks was observed
with increasing Bi*" ions concentrations. In case of Eu** ions the FWHM (Full Width at Half
Maximum) of the peaks remained constant, as no evident correlation was observed. Structural
changes were also confirmed by infrared spectroscopy measurements. The TEM and SEM
images revealed particle aggregates. It can be noted, that size of the particle increased with

increasing Bi*" content.

The main focus was put on the analysis of the luminescence properties in light
of structure reordering for Bi*" rich materials. Emission, excitation and luminescence decay
time measurements were performed at room temperature. Emission spectra upon 395 nm
excitation showed typical to Eu** ions emission , consisting of the Dy — "F; (J=0, 1, 2, 3, 4).
Emission excitation spectra revealed three broad bands assigned to the O-Eu, the O-V, and the
B-V charge transfers. Additionally, inner 4f-4f Eu®" transition bands were observed. Performed
was an emission spectra measurement for excitation in the aforementioned CT bands. Except
of Eu*" 47-4f transition bands observed were broad band transitions. These bands were assigned
to the Bi-V MMCT and perturbed vanadate groups emissions. Decay profiles were collected
upon two excitations 397 nm and 355 nm, related to the "Fy — °Ls and Bi-V MMCT
respectively. Additionally, low temperature (5 K) emission and emission excitation spectra
were measured. Obtained results vary from the room-temperature counterparts. In emission
excitation spectra measured at 5 K, a red-shift of the Bi-V band is observed. Additionally, it is
indicated that at 5 K Eu*" ions emission is resulting from Bi-V sensitization pathway. Emission

spectra, present changes in Stark components of the respective °Dy — ’F transitions. Hence,
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presence of more than one Eu®" site is assumed. The Bi** ions induced re-ordering of the

structure directly affects changes of the Dy — "F} transitions shapes.

In summary, the bismuth ions compensate P-V ionic size mismatch and re-ordering
of the structure is observed for Bi** rich solid-state solutions. The presence of Eu*" ions has no
apparent effect on the structure of the solid solution. As expected, the presence of Bi** ions
increased the emission intensity of Eu®* ions. Upon non-direct excitation energy transfer occurs
inefficiently, as it becomes apparent with presence of the Bi-V MMCT or vanadium groups

broad emission bands.
The dissertation author contributed to the process of creating the scientific article with:
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ABSTRACT: In this study, solid-state solutions of yttrium
orthovanadate-phosphate with varying concentrations of codopants =
(Eu**, Bi**) have been obtained via coprecipitation. An ionic radii s
L]
(e}

o 9 .9
mismatch between V°* and P** substituents is manifested in broad o y3+ 5 * G o Y3+ S “
XRD lines. The sharpening of the XRD lines is observed with @&/ ,© o @ e ‘.1" °E‘_‘3+ o ©°
increasing bismuth ions concentration in the Eu’* codoped . I ’& S e B‘: 1 cx,vo) o
YV sPysO; matrix. The difference in the number of the Stark ::5,, e .," 255* ° O/% 4 .
components for the *D, — F; transitions indicates changes in the o o2 ' .y o 0% o 2 ?
lattice and a number of possible Eu’" sites. A thorough, systematic ) S

spectroscopic analysis of YV, sPysO,: x mol % Eu**, y mol % Bi**

was conducted at room temperature and S K. Metal-to-metal energy

transfers occurring between Eu*, V°*, and Bi®*" optically active ions have been investigated. Additionally, efficiency of the Bi*"-E
energy transfer (ET) was calculated.

u3+

1. INTRODUCTION ters affecting the Eu®* emission intensity in micron-sized'* and
nanosized”'” systems. It was previously established that
codoping YVO,:Eu** with P°*, Bi**, and Gd®" greatly enhances
the europium ions’ emission intensity. The compositions which
maximize Eu®* emission intensity are typically Y 4Big osEug os-
Py sV 504" or Yo 45Gdy 45Big osEug0sP sV 5O~ The reasons for
this remain obscure.

Trivalent bismuth ion is known as an attractive activator in
zircon vanadates.">'” ™% Burthermore, it has been observed that
Bi** is an efficient luminescence sensitizer for trivalent
lanthanide ions.”**~*" In this study bismuth and europium
ions are chosen as codopants, bismuth ions improve the
photoluminescence intensity of Eu**. This phenomenon occurs
as a result of UV excitation. This is due to the CT transitions
from the Bi®** 6s energy level to the 5d levels of the vanadate and
subsequent energy transfer (ET) to Eu®" ions 4f orbitals.”***~**

This work emphasizes characterization of the luminescent
properties of these two dopants incorporated into YV Py O,.
This matrix has a disordered structure as a result of phosphate
and vanadate units being randomly dispersed throughout the
lattice. This occurs because the vanadate units are ~8% larger

The yttrium orthovanadate and yttrium orthophosphate
matrices, doped with europium ions, are popular luminescent
phosphors. This is due to their potential applications as laser
host materials, polarizers, solar cells, light emitting diodes, host
materials for optically active ions, etc.'™’

YVO, and YPO, crystallize in the zircon tetragonal system,
within the space group I4,/amd.”” Hence, a solid-state solution
of yttrium orthovanadate-phosphate can be formed.'’ Consid-
ering YP,V5O,, its unit cell is composed of 50 mol %
vanadium tetrahedral and 50 mol % phosphate tetrahedral
groups, statistically substituted. Furthermore, in this work,
yttrium ions in the lattice are statistically substituted with
europium and bismuth ions.

In the present work, the fraction of the YPO,-YVO,—
BiVO,—BiPO, pseudoquaternary diagram (more precisely the
shaded area of the YPV,0,—BiVO,—BiPO, pseudo ternary
subdiagram) is investigated (Figure 1). The bond valence sums
(BVS) were obtained from VESTA,'' and bond valence
parameters were compiled in ref 12. The compounds in the
shaded area have a disordered zircon-like crystal structure due to
the inner structural characteristics of YPO, and YVO,. Optically
active europium ions are incorporated in YP,;V,;0, and Received:  April 28, 2022
(Y,Bi)P, sV, 5O, for two purposes: to collect information on the Published: July 28, 2022
local crystal structure and to investigate energy transfer
processes involving Bi’*. This paper constitutes an extension
of previous reports®*~'® with more systematic, thorough
spectroscopic analysis. Previous works™”'>'* focus on parame-

© 2022 The Authors. Published b
Am:ric‘;n gﬁeml:caissscietz https://doi.org/10.1021/acs.inorgchem.2c01465
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Figure 1. YPO,—~YVO,—BiVO,—BiPO, pseudoquaternary diagram. BVS = bond valence sum.

than the phosphates. The extent to which this disorder
contributes to the efficiency of Bi**-Eu*" ET will be investigated
in this work. To this end, two series of materials were
synthesized. The first one was doped with varying amounts of
bismuth ions, while the second was doped with varying amounts
of europium ions. The chemical compositions involved doping
and codoping YV, P, O, with xBi**, yEu®* where x = 0, 1, 3, 5,
10, 15 mol % and y = 0.5, 1, 2, S mol %. The solid state solutions
were obtained by the wet chemistry synthesis-coprecipitation
method with additional heat-treatment at 800 °C for 3 h.

2. EXPERIMENTAL METHODS

2.1. Materials Synthesis. Yttrium orthovanadate-phosphate
powders, codoped with europium and bismuth ions, were obtained
by the coprecipitation method. The concentrations of vanadium and
phosphorus were fixed to 50 mol % each. Two series of materials were
obtained: one in a function of bismuth concentration with fixed
concentration of europium and vice versa. First, the concentration of
europium ions was set to 1 mol %, while bismuth ion concentration
changed from 0, 1, 3, S, 10 up to 15 mol %. In the second series, the
concentration of bismuth ions was set to 10 mol %, with concentrations
of europium ion varying from 0.5, 1, 2, up to S mol %. Stoichiometric
amounts of analytical grade Y,05 (Alfa Aesar, 99.99%), Bi,O; (Sigma-
Aldrich, 99.9%), Eu,0; (Alfa Aesar, 99.99%), (NH,),HPO, (ACROS
Organics, >98%) and NH,VO; (Sigma-Aldrich, 99.5%) were used in
this synthesis process.

The lanthanide and bismuth oxides were converted into nitrate salts
through digestion with an excess of 65% HNO;. Thereafter, the formed
lanthanide and bismuth nitrates were recrystallized, and the HNO,
excess was removed. Using deionized water as a solvent, separate
aqueous solutions of diammonium phosphate and ammonium
metavanadate were made. The vanadium and phosphorus ion sources
(NH,VO; and (NH,),HPO,) were mixed, followed by the nitrates
(Y(NO3), Bi(NOs);, Eu(NO,);). The liquid mixture was stirred for
1.5 h at approximately 70 °C. Aqueous ammonia was used to maintain a
pH of 9 during the reaction. The as-prepared precipitates were then

washed and centrifuged at least three times, until neutral pH was
reached. They were then dried for 24 h at 70 °C. The powders were
finally crystallized by heat-treatment at 800 °C for 3 h in air.

2.2.ICP, XRD, SEM, and TEM Analyses. The crystal structure of
synthesized materials was characterized by the X-ray Diffraction (XRD)
technique using an X'Pert PRO X-ray diffractometer (Cu Kal, 1.54060
A) (PANalytical). Measured XRD patterns were compared to standards
of YVO, (no. 78074) and YPO, (no. 79754) found in the Inorganic
Crystal Structure Database (ICSD). Microstructural analyses (particle
size, morphology) were performed by electron microscopy. SEM was
carried out using an FEI Nova NanoSEM 230. High resolution
transmission electron microscopy (HR-TEM) was performed using a
Philips CM-20 Super Twin microscope. ICP-OES measurements were
conducted on Thermo Scientific ICAP 7000 SERIES.

2.3. Spectroscopic Analysis. The Nicolet iSS0 FT-IR from
Thermo Scientific was used to collect infrared spectra at 300 K of
samples processed in KBr pellets. The room-temperature emission
spectra utilized excitation at 397, 340, and 300 nm. These spectra were
collected using a FLS1000 photoluminescence spectrometer from
Edinburgh Instruments. The same apparatus was used to collect the
excitation spectra. The *D, — ’F, transition at 619 nm was monitored
at room temperature for the excitation spectra measurements. Emission
spectra were also recorded in response to the 266 nm excitation of a
laser diode (CW) at room temperature and detected using the
Hamamatsu PMA-12 photonic multichannel analyzer. The emission
decay profiles were measured at 300 K using either a Ti:sapphire
tunable laser or a Nd:YAG laser, a Hamamatsu R928 photomultiplier, a
Jobin-Yvon THR 1000 spectrophotometer, and a digital LeCroy
WaveSurfer oscilloscope. Excitation and emission spectra were
collected at low temperature (S K) using a temperature-controlled,
continuous-flow liquid helium cryostat: Oxford Model CF 1204. Low
temperature excitation spectra were measured with a Dongwoo Optron
DMI151i monochromator and a 150W ozone free lamp. The low
temperature emission spectra were measured using a Dongwoo Optron
DM750 monochromator, an Electro-Optical System INC PbS
photodiode, or a Hamamatsu R928 photomultiplier.

https://doi.org/10.1021/acs.inorgchem.2c01465
Inorg. Chem. 2022, 61, 12237—12248


https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01465?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01465?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01465?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01465?fig=fig1&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.2c01465?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

Table 1. Elemental Composition of the Europium and Bismuth Codoped YV, P, O, in Molar Percentages

YV0,5P0,504
0.5% Eu** 1% Eu’** 2% Eu®* 5% Eu’* 1% Eu®* 1% Eu®* 1% Eu®* 1% Eu** 1% Eu®*
element 10% Bi** 10% Bi** 10% Bi** 10% Bi** 1% Bi** 3% Bi** 5% Bi** 10% Bi** 15% Bi**
Y 89.08 98.73 87.83 84.97 97.95 95.47 92.42 88.91 83.66
A 49.70 49.63 50.05 49.65 50.32 50.55 49.79 49.78 50.06
P 49.79 49.54 49.89 50.27 50.54 48.73 49.84 49.47 49.74
Eu 0.52 1.01 1.95 4.98 1.03 1.03 1.03 1.02 1.05
Bi 10.06 10.01 10.10 0.96 3.03 4.97 9.98 14.94
11
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Figure 2. Diffractograms (a, ¢) and fwhm analysis (b, d) obtained for x mol % Bi**, 1 mol % Eu®*": YV, P, s0, and 10 mol % Bi**, y mol % Eu’*:

YVO.SPO.SO4'

3. RESULTS AND DISCUSSION

3.1. Structure and Morphology. The chemical composi-
tion of all samples, analyzed by ICP-OES, is given in Table 1. Itis
verified that the nominal compositions are congruous with

actual compositions.

YPO,:Eu

YPyVo504:Eu

(Y,Bi)Py Vo504 EU

Figure 3. Cation coordination spheres of Eu®* in zircon-like YPO,,
YP, V50, and (Y,Bi)P, sV 5O,. Oxygen atoms are not represented.

12239

XRD results confirmed the crystal phase purity of YV ;P 0,
doped derivatives (Figure 2). The XRD peaks are broadened
and further confirm the structural disorder, as observed
earlier.'”'>*° This broadening originates from the size differ-
ence between V3% (0.36 A, C.N. 4) and P5* (0.17 A, C.N. 4),
when statistically distributed in YV,P,_ O, solid solution. The
lattice strains are influenced by changes in grain size. This is a
result of point defects, vacancies,”* and varying composition‘?’5 as
well as dislocations near the grain-boundaries®® caused by the
incompatibility of phosphorus and vanadium atoms. The
observed changes in the fwhm of the XRD peaks may indicate
the presence of lattice strains.””

Co-doping with Eu’* does not impact the lattice and, by
extension, the width of the XRD peaks. In contrast, it is found
that codoping with Bi** contributes to narrowing of the XRD
peaks (Figure 2c). This is clearly evidenced by Figure 2b,d.
Additionally, increasing the Eu®* amount in 10 mol % Bi**
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Figure 6. TEM images of YV, ;P O, doped with 1 mol % Eu** and 1 mol % Bi** a), 1 mol % Eu** and 5 mol % Bi** b), and 1 mol % Eu** and 15 mol %
Bi** ().

codoped samples does not affect the XRD peak widths By considering Eu®* as a local luminescent structural probe,
significantly. we find three possible environments experienced by Y** ions in
12240 https://doi.org/10.1021/acs.inorgchem.2c01465
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Figure 7. Fourier transformed infrared spectra of (a) codoped with Bi** and 1 mol % Eu** YV, P, 5O,, with varying Bi** concentrations and (b)
codoped with 10 mol % Bi** and Eu**, with varying Eu** concentrations.
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Figure 8. Emission spectra for x mol % Bi**, y mol % Eu*: YV, P 5O, under 397 nm excitation at room temperature.

the compounds. This is depicted in Figure 3. In YPO,, the Eu**
ions are surrounded by eight O atoms, thus forming a
dodecahedron with D,; point symmetry. The first cation
coordination consists of two P>* at 3.01 A and respectively
four P>* and four Y** at 3.76 A in a second coordination. The
exact charge (the BVS - Bond Valence Sum) carried by these
cations is given in Figure 1. Incorporation of 50% V°* creates two
additional spheres at 3.14 and 3.89 A (marked as red in Figure 3)
with statistical occupancy. Incorporation of Bi** results in a third

12241

sphere (marked as blue in Figure 3) at 4.00 A. The probability of
finding a Bi** ion in this position is P(x) = 1—(1—x)* wherein x
is the molar percentage of Bi**, e.g., P(0.1) = 35%. The bismuth
ions (1.17 A at C.N. 8) substitute yttrium ions (1.02 A at C.N. 8)
in a statistical manner. Since Bi** is about 15% larger than Y*", its
incorporation in the crystal lattice counterbalances (at least
partly) the ionic radius mismatch between V** and P**. This
inverse relationship between V°*—P*" and Bi**—Y*" ionic radii
mismatches reduces the lattice strains in YV, 5P 5O, and thereby
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Figure 9. Excitation spectra for x mol % Bi**, y mol % Eu**: YV, P 5O,
materials measuring the intensity of the Dy — ’F, transition at 619 nm
at room temperature.

sharpens the XRD lines as the Bi** concentration is raised
(Figure 2¢).

SEM images of YV, PysO,: 1 mol % Eu®*, x mol % Bi*
materials are depicted in Figure 4. The powders look
micrometric regardless of bismuth ion concentration. As the
bismuth content is raised, the particles become smaller, and their
surfaces become rougher. EDS maps (Figure S) obtained for 1
mol % Eu*, 10 mol % Bi**: YV,.Py:0, confirm random
distribution of the constituents.

The TEM images in Figure 6 demonstrate that the aggregates
consist in fact of nanosized particles. Analysis of the SEM
(Figure S) and TEM (Figure 6) images reveals a wide
distribution of particle sizes among the samples, although we
note that the particles size increases as the Bi** content is raised
(i.e, 19, 31, and 62 nm for doping rates of 1, 5, and 15 mol %,
respectively). Differences in particles sizes contribute to the
narrowing of the XRD peaks in addition to the reordering of the
crystal structure. This work sheds a light into a complex
structure of Eu®*, Bi**: YV, P, 0,. However, to individuate or
quantify the role of each effect, further crystallographic research
needs to be conducted. Additionally, d-spacing values were
calculated by the means of FFT processing in Image] software.
d-Spacing was calculated to be dy; = 0.45 nm for YV, 3P0,
samples codoped with 1 mol % Eu*" and 1 mol % Bi** and 1 mol
% Eu®" and 5 mol % Bi®**, as well as 1 mol % Eu®* and 15 mol %
Bi**. Also d,, values were calculated. For samples codoped with
1 mol % Eu®** and 1 mol % Bi**, d,, was 0.35 nm. However, 5
mol % and 15 mol % Bi**-doped samples had a d, value of 0.33
nm. All d-spacing values coincide with d,o, and d,,, values from
standard patterns of YVO, (d,o; = 0.47132 nm, d,o = 0.35591
nm) and YPO, (d,o; = 0.45379 nm, d,o, = 0.34474 nm).

3.2. Spectroscopic Properties. The FT-IR spectra of
YV,.sPy 5O, codoped with Eu** and Bi*" are shown in Figure 7.
There are five strong absorption bands in the range of 1300—400
cm™. The peaks at 524 cm™" and at 639 cm™ represent an
antisymmetric bending vibration of 1,(PO,)*". The antisym-
metric stretching vibration of v3(PO,)*” can be found at 1010
cm™' and at 1110 cm™.*** The peak at 836 cm™" is ascribed to
the vibration mode of the (VO;)~ group. The weak peak
detected at 502 cm™ is related to the Y—O vibration.** This
mode is not observed for the samples with more than 10 mol %
of codopant ions concentration. The Bi—O modes are on the
verge of our measurement range.“’42

Room temperature measurements revealed that all com-
pounds exhibit red emission typical of Eu’* upon direct 4f-4f
excitation at 397 nm (Figure 8). This emission increases in
intensity with increasing Eu®* and Bi** concentrations. The
highest observed emission intensity is in samples containing 10
mol % Bi**, 5 mol % Eu®*: YV, P, O,

The excitation spectra for x mol % Bi**, y mol % Eu’":
YV, P, O, materials for the D, — ’F, transition at 619 nm are
shown in Figure 9. Three broad transitions are observed at 266,
300, and 2340 nm (shoulder). They correspond to the 0>~ —
Eu’*, O — V', and Bi’* — V°' charge transfers,
respectively.”'>'**> The intrinsic 4f-4f excitation lines of Eu®*
(namely "F, — SLg, the ’Fy — 5D,, and 'F, — D, transitions)
are comparatively much less intense.

Figure 10 depicts the emission spectra after excitation in the
charge transfer bands. These intensities are normalized to the
D, — F, transition of Eu**. In addition to characteristic
emission lines of Eu*, broad emission signals are observed.
Upon 340 nm excitation, the broad si%nal represents the
emission of the Bi—V metal-to-metal CT,"> whereas upon 300
nm excitation, the broad signal is more surely due to perturbed
vanadate groups. Upon 266 nm excitation, these bandlike
emissions possibly overlap. The presence of these emission
bands indicates an incomplete sensitization of Eu** lumines-
cence. Two possible sensitization paths are identified. They
involve the (VO,)* units or the Bi—V self-trapped excitons as
energy donors and the Eu’* ions as energy acceptors. Decay
profiles were collected to quantify the efficiency of these energy
transfers.

Decay profiles are presented in Figure 11 for 397 nm
excitation (inner “F, — °Lg Eu®" transition) or 355 nm
excitation (Bi—V MMCT). Corresponding average values of the
luminescence lifetimes t,,, were calculated as t,, = / I(t)t dt/
( f I(t) dt). In this case, I(t) represents the emission intensity at
time t. These values are provided in Table 2. A plot is proposed
in Figure 12 for discussion.

The parameter # in Table 2 is related to the efficiency of the
ET from Bi**-to-Eu’" in the codoped compounds. It is obtained
from the equation

Tdoped
pe!

n=1- ———
Tundoped

where Tgy.q is the time constant in the presence of the Eu®*
acceptor, and Typgoped is the time constant without Eu’* (ie., only
Bi*Y).

Figure 12(a) pertains to the inner "Fy = SLg excitation of
Eu**. The left-hand side of the vertical dashed line corresponds
to 1 mol % Eu®" doped samples with increasing Bi*
concentrations (compound A to compound H, excluding
compound B, in Table 2). Here, an increase in emission lifetime
with increasing bismuth concentration is observed up to 3 mol %
Bi** (compound D). These samples (A,C,D,E) also exhibit
lower emission intensity relative to samples with higher Bi**
concentrations. This suggests a lower radiative probability from
the D, state in these cases. Raising the Bi** amount further
contributes to enhance the Eu®* emission intensity, and it
correlates with a shortening of the lifetime. This effect has
already been observed in YPO,:Sm>", Bi’* and is ascribed to an
increased refractive index of the host lattice.*® In this case, the
radiative probability is increased, contributing to a lower
emission lifetime. A synergetic effect with the reordering of
the crystal structure is not excluded. This requires further
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Figure 10. Emission spectra for x mol % Bi**, y mol % Eu**: YV, ;P sO, under 266, 300, and 340 nm excitation normalized to the Dy — "F, transition
of Eu’*.

investigation. The right-hand side of the figure shows the effect emission intensity is ascribed to the larger Eu®" content that
. . L4445
remains beyond the quenching concentration.

of Eu*" content for a fixed amount of Bi**. In this case, the
Part (b) of Figure 12 relates to an excitation in the Bi—V

emission lifetime does not vary significantly because the MMCT band, the intensity of which exceeds by far that of the
medium’s refractive index is unchanged. Here, the increase in "Fy — SLg transition (Figure 9). In this situation, the Eu®*
12243 https://doi.org/10.1021/acs.inorgchem.2c01465
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Figure 11. Decay time profiles measured for *D — "F, transition monitored at 619 nm 4., = 397 nm (a), Dy — "F, transition, A, = 619 nm and 4, =
355 nm (b), and decay profiles measured for MMCT-Bi transition 4, = 540 nm and A, = 355 nm (c).

Table 2. Calculated Average Decay (t,,) and Rise (t,,.) Times
for x mol % Bi**, y mol % Eu’*: YV, P, O, Pumped with 397
and 355 nm Wavelengths®

Bi—V MMCT
Dy — F, (Eu") transition at
transition at 619 nm 540 nm
]’EXC = j’exc =
397 nm 355nm A =355 nm
Ly
label YV5PosO, t,y [ms] t,y [ms] lus] 1 (%)
A 1mol % Eu** L5 1.1
B 1mol % Bi** 7.0
c 1 m031 % Bi**, 1 mol % 1.6 1.2 6.9 1.1
Eu’*
D 3 m031 % Bi**, 1 mol % 1.9 1.2 5.8 16.5
Eu’*
E 5 m031 % Bi**, 1 mol % 1.6 12 5.8 17.2
Eu’*
F 10 maol % Bi**, 1 mol % 1.3 1.1 55 207
Eu’*
G 15 maol % Bi**, 1 mol % 1.1 0.9 5.6 19.5
Eu’*
H 10 msol % Bi**, 0.5 mol % 1.1 1.1 5.7 17.9
Eu’*
I 10 m301 % Bi**, 2 mol % 1.0 1.0 5.9 16.2
Eu’*
J 10 mol % Bi**, 5 mol % 1.1 1.0 6.1 12.9
Eu3+

“Each sample composition was assigned a label to facilitate the
discussion below.

emission is produced after an energy transfer whose efficacy is
given in Table 2. Efficacy is 20% in the Bi**-rich compounds F
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and G but tends to fall off in compounds containing more than
1% Eu®": 57 is for instance comparable in compound D (3 mol %
Bi**, 1 mol % Eu’*) and in compound I (10 mol % Bi**, 2 mol %
Eu®). Nevertheless, the emission intensity of compound J
amounts to 6.5 times that of compound D, which demonstrates a
synergy between Bi’* and Eu®" contents in YV,3P,sO,.
Furthermore, with respect to both 355 and 397 nm excitations,
compound J exhibits the highest emission intensity related to
direct Eu®* excitation.

At sufficiently low temperatures, vibronic interactions can be
frozen out. Thus, the luminescence spectra can give more
detailed information regarding the electronic transitions of Eu®"
and can now be used as a structural probe. In 2008, Pan et. al*’
conducted investigations regarding the spectroscopic properties
of Eu** in Y(V,P)O, solid solution by laser-selective excitation.
This work identified three symmetry sites in the yttrium
orthovanadate-phosphate mixed compounds due to disorder
generated by the distribution of (PO,) and (VO,) tetrahedra.
The Judd—Ofelt intensity parameters further confirmed that
significant changes in ligand polarizability contribute to
differences in local environments experienced by Eu*.*®

Figure 13 illustrates the excitation spectra collected at § K
corresponding to the 619 nm emission which represents the
Eu’** ’D, — 7F, transition. Low temperature excitation spectra
depict noticeable differences when compared to the room
temperature spectra. These major differences are as follows:

(1) differences in relative intensity of the intrinsic "Fy — L
transitions of Eu** to the CT excitation bands in
compounds containing low amounts of Bi** (<5 mol
%). This indicates a less efficient sensitization at 5 K.
Furthermore, it demonstrates that in these conditions, the

https://doi.org/10.1021/acs.inorgchem.2c01465
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Figure 12. Integrated *D, — F, emission intensity (@) and average emission lifetime of Eu** (O) for the different compounds listed in Table 2 in
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Figure 13. Excitation spectra for x mol % Bi**, 1 mol % Eu®':
YV 5Py 5O, materials monitoring the 619 nm emission corresponding
to the D, — ’F, transition at T = 5 K.

Table 3. Stark Components (in nm) of Eu®** in YVO,,*’
YPO,,"” and Y,_,Bi V, P, O, (x = 0.01, and 0.10)"

Y0.98Eu0.0lBiO.OIVO.SPO.S YO.89Eu0,01Bi0.IOVO.SPO.S
Dy —> YPO, YVO, O, 4
F, 581.0  S81.9
F, 592.7 593.5
596.1 595.0 594.7¢ 594.5¢
E, 6134 6155 610.5 609.9
617.6 617.3 613.7 615.4
619.3 619.4 615.3 618.8
620.2 622.4 619.0 619.9
619.9
F, 691.6  690.5 696.7 698.4
694.4 696.7 698.6 704.0
696.2 698.5 703.4
697.3 699.1
699.3 701.2
703.5 704.5
704.7 708.2
“Centroid position. Data were taken at 5 K.
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Bi-to-Eu energy transfer is efficiently phonon assisted.
However, even at 5 K the Bi-to-Eu energy transfer regains
efficacy when the Bi** concentration is 10 mol %. This
coincides with the increased presence of a broad
excitation band which peaks at 360 nm and extends
up to ~400 nm, currently attributed to Bi—V MMCT.
the presence of structures on the Bi—V MMCT excitation
with maxima identified at ~350, 330, and 307 nm. The
relative intensity of these excitation maxima strongly
depends on the Bi** content in the compound. There is a
notable red shift in the excitation spectra as Bi**
concentration increases. This shift of the Bi—V excitation
edge with increasing the Bi content has been noted in
previous studies, e.g., in ref32.

the absence of excitation features pertaining to O*~ —
Eu®" and O*~ — V** charge transfers. This suggests these
transitions are not involved in the sensitization process of
Eu’" at S K. Therefore, only the Bi—V MMCT operates as
a sensitizing channel for Eu®* at § K.

The emission spectra for 1, 3, 5, 10, 15 mol % Bi**, 1 mol %
Eu’*: YV, P, 0, were collected at 5 K. These samples were
excited in the CT bands and at 39S nm (Figure 14). The
wavelengths of the Stark components observed in Y gsEug ;-
Big01VosPosO4 and Yo goEug o,Big 10VosPosO, are compiled in
Table 3 and compared to reference data on Eu** in YPO, and
Yvo,.*’

Data related to the D, — ’F, transition of Eu’" are
incomplete, when compared to the reference zircon compounds
YPO,:Eu*" and YVO,:Eu®*. The D, — ’F, transitions are also
poorly resolved despite the low temperature. Thereby the results
are discussed based on the D, — ’F, transitions. Two different
signatures are noted for the Eu®* transitions in Y, 4gEug o Big ;-
Vy.sPosO4 depending on the excitation wavelength. This
indicates the presence of more than one Eu’* type site in this
crystal structure, which agrees with the conclusions of Pan et
al.*® In Y, g0Buqo;Big10VosPosOs however, only four Stark
components (instead of five) corresponding to the D, — "F,
transition were observed. The spectrum in the *D, — "F, region
looks also simpler. This simplification of the spectral signatures
is consistent with the progressive crystal structure reordering of
YP, VO, concomitant with an increase in Bi** concentration.
This is previously observed in XRD results (Figure 2).
Compared to YPO,:Eu** and YVO, Eu**, the D, — F,
spectrum of Y goEug;Big 10VosPosO4 is more split (265 cm™

)

3)
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Figure 14. Emission spectra of 1 mol % Eu*" in Y,_,Bi, V(5P 5O, (x = 0.01 to 0.15) upon various excitation wavelengths at 5 K. Spectra normalized to

the D, — ’F, transition of Eu’* .

against 178—180 cm™"), and its energy barycenter is upshifted.
This is due to the presence of the Bi** ion in the second cationic
neighborhood of Eu**, as we have depicted in Figure 3. Owing to
the BVS values given in Figure 1, it is concluded that the formal
charge carried by bismuth is below that of yttrium, with the
consequence that the formal charge carried by phosphorus and
vanadium atoms in the Bi-doped compounds is enhanced with
respect to the Bi-free compounds. This, in turn, affects the
formal charge carried by the oxygen atoms in the first
coordination of Eu®* by reinforcing the crystal field and
softening the nephelauxetic effect.

4. CONCLUSION

The pure crystal phase of x mol % Bi**, y mol % Eu*":
YV;sPosO, was formed using a coprecipitation synthesis
method. It is observed that codoping with Bi** is followed by
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narrowing of the XRD peaks, but codoping with Eu®* does not
significantly affect the widths of the peaks. The insufficient
energy transfer to Eu’*, resulting from the Bi—V MMCT and the
Ty, — 'A, (VO,)*" broad transition bands, is observed. Yet,
Eu®* jon emission is enhanced by increasing Bi’* ion
concentration. Further reaffirmed is the presence of more than
one Eu®" site due to (PO,)*” and (VO,)>” substitution.
Additionally, an ordering of the crystal structure of YP, V0,
with increasing the Bi** content can be observed. It is supposed
that at low temperature the sensitizing pathway of Eu’* is less
efficient in comparison to the room temperature, and mainly the
Bi—V MMCT contribution is noticeable. Based on luminescent
decay times, the Bi—Eu ET efliciency was found to be the
highest for bismuth-rich compounds.
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Conclusions

The designed and applied experiments allowed for the desired objective to be achieved. Solid
solutions of yttrium orthovanadate-arsenate, yttrium orthovanadate-phosphate, and yttrium
orthovanadate were obtained. The materials were doped with rare earth ions: Eu**, Tb**, Er’**,
Tm?**, Yb*', and s*-type ions: Bi** ions. The impact of structural changes on the spectroscopic
properties was noted and analysed. A customise set of measurements and conditions, was

chosen to investigate the materials under study.

The use of different synthesis conditions, varying dopants concentrations, matrix
composition, multiple excitation wavelengths, and many other variables allowed for

the following conclusions to be drawn:

e The co-precipitation method produces phase-pure zircon-type YXZO4 solid solutions.

The structural changes become apparent with a shift of XRD planes.

e Mismatch in V°* and P°" ion size caused the broadening of XRD peaks, indicating

an occurrence of defects and stress in the crystal structure.

e The introduction of a larger ion (Bi*") into the structure caused its re-ordering, which

became apparent by the narrowing of the XRD peaks.

e The use of the co-precipitation method allowed the control of a broad range of pH

conditions during the synthesis.

e The dependence of particle size and shape on the pH conditions of the synthesis was

demonstrated. It was observed that with increasing pH a decrease in particle size occurs.

e The effect of structural changes on the luminescence properties of Eu**, Tb**, Er**-Yb*",

and Tm>*-Yb>" ions was observed.

e The structural changes became apparent through a change in emission intensity,
the shape of the transitions, and the contribution of individual transitions to total

emission.
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The concentration threshold at which complete quenching of ion luminescence occurs

is 65 mol% V>*.

The occurrence of Tb-As charge transfer in As>* rich YVxAsixO4: 1 mol% Tb*"

materials was suggested.

The low position of the Tb-V MMCT state is responsible for quenching

the luminescence of Tb*>" ions.

The up-conversion processes taking place in YVxP1xOs solid-state solutions were

determined as: ETU, ESA, cooperative sensitization, and cross-relaxation mechanisms.

Enhancement of the Eu*" emission was attained by (VO4) groups and Bi**-V>* MMCT

state, the latter especially at low temperatures.

Based of low-temperature measurements, it was suggested that the shape of the 47-4f
bands of the europium ion is simplified with increasing bismuth ion concentration.
This relationship agrees with the re-ordering of the structure visible in powder

diffractograms.
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Summary

Researchers in the field of spectroscopy are constantly looking for luminophores with
the best possible luminescent properties, in particular high quantum efficiency. The yttrium
orthovanadates and yttrium orthophosphates are thoroughly researched for their structural
and spectroscopic properties due to good chemical, physical and mechanical properties.
Therefore, they find applications in many branches of science. However, some aspects are still
unresolved and unsystematised. These compounds belong to the group of materials with the
general formula REXO4. This group of compounds also includes yttrium orthoarsenate. The
scientific interest concerning yttrium orthoarsenate was the highest between 1960 and 1990.
Since then, no more than ten scientific publications have been published, and less than half of
them focus on YAsO4 as a luminescent material. The materials crystallize in the same crystal
system, space and point group. The difference between these materials becomes apparent in
the size of the elementary cell. Therefore, it is possible to obtain a continuous solid solution,
for example, from YAsOs to YVOs. The physicochemical properties of such solid solutions are

not known to the extent that their components are, for example, yttrium orthophosphate.

In this dissertation, with the special attention structural and spectroscopic properties
of YXZOs solid solutions, doped rare earth ions and s*-type ions were analysed. In each article,
to synthesise the materials, the co-precipitation was used. Employing measurement techniques
such as XRD, SEM, TEM, and ICP-OES allowed the crystallographic structure, morphology,
and elemental composition to be determined. The spectroscopic measurements allowed for the
precise determination of the occurring mechanisms, the influence of the matrix composition

and the synthesis conditions on the luminescence properties at room and low temperatures.

The dissertation includes four scientific publications. Designed and conducted studies
provide information on the processes and dependencies occurring in solid solutions of YXZO4-
type materials doped with RE*" (Eu**, Tb**, Er**, Yb*", Tm®") and s*-type (Bi*") ions.
An additional aim of the papers presented in the thesis is to respond to the challenges of science

and to provoke further research theses in the area of YXZO4-type compounds.
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Streszczenie

Naukowcy z dziedziny spektroskopii nieustannie poszukujg luminoforéw o jak
najlepszych wlasciwosciach luminescencyjnych, w szczegolnosci o wysokiej wydajnosci
kwantowej. Ortowanadany i ortofosforany itru naleza do materialéw poznanych pod wzglgdem
wiasciwosci strukturalnym oraz spektroskopowych ze wzgledu na dobre wlasciwosci
chemiczne, fizyczne i mechaniczne. Stad tez znajdujg zastosowanie w wielu galeziach nauki.
Jednak niektore zagadnienia pozostajg wcigz nie rozwigzane i nie usystematyzowane.
Te zwiazki zaliczy¢ mozna do grupy materialow o ogélnym wzorze REXO4. Do grupy
wspomnianych zwigzkow nalezy réwniez ortoarsenian itru. Najwigksze zainteresowanie
naukowcoOw ortoarsenianem itru przypadio na lata 1960-1990. Od tamtego czasu wydanych
zostato nie wigcej niz dziesi¢¢ publikacji naukowych, z ktérych mniej niz potowa skupia uwage
na zastosowaniu YAsO4 jako materialu luminescencyjnego. Wymienione substancje
krystalizujag w tym samym ukladzie krystalograficznym, grupie przestrzennej i grupie
punktowej. Roznica pomigdzy nimi uwidacznia si¢ rozmiarze komorki elementarnej. Mozliwe
zatem jest otrzymanie roztworu statego przechodzacego w sposob ciagly, na przyktad
od YAsO4 do YVO4. Wiasciwosci fizykochemiczne tak powstatych roztworow stalych nie sg

poznane w stopniu odpowiadajacym ich sktadnikom, na przyktad ortofosforanowi itru.

W pracy doktorskiej szczegdlna uwaga poswigcona zostala analizie wilasciwosci
strukturalnych oraz spektroskopowych jonéw ziem rzadkich oraz jonéw typu s?
domieszkujacych roztwory stale ortoarsenianu itru, ortowanadanu itru oraz ortofosforanu itru.
Materiaty kazdorazowo zostalty zsyntezowane z zastosowaniem metody wspotstraceniowe;.
Za pomocg technik pomiarowych takich jak: XRD, SEM, TEM oraz ICP-OES okreslono
strukturg krystalograficzng, morfologie, a takze potwierdzono sklad elementarny.
Przeprowadzone pomiary spektroskopowe pozwolity na doktadne okreslenie zachodzacych

mechanizmow, wptywu skladu matrycy, a takze warunkéw syntezy na wlasciwosci

luminescencyjne w temperaturze pokojowej oraz niskiej.

W skiad rozprawy doktorskiej wchodza cztery publikacje naukowe. Zaprojektowane
1 przeprowadzone badania niosg informacj¢ o procesach, i zalezno$ciach zachodzacych
w roztworach statych materialow typu YXZOs domieszkowanych jonami RE** (Eu®*, Tb*",
Er¥*, Yb¥, Tm*") i typu-s’ (Bi**). Dodatkowym celem zaprezentowanych w rozprawie
artykutow jest odpowiedz na wyzwania nauki, a takze prowokowanie stawiania kolejnych tez

badawczych w obszarze zwigzkoéw typu Y XZOs.
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